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SUMMARY 
Numerous s t u d i e s  have been made of continuous flow s t i r r e d  tank  
r e a c t o r s  ( CSTR's ) ;  however, most of t h e  work has cen te red  about s teady-  
s t a t e  opera t ion .  In  t h i s  work t h e  pe r iod ic  ( d e l i b e r a t e  uns teady-s ta te  ) 
ope ra t ion  of an experimental  CSTR, i n  which two simultaneous hydro lys i s  
r e a c t i o n s  were c a r r i e d  o u t ,  was s tud ied  by monitoring t h e  time-averaged 
y i e l d  of  t h e  products  of  t h e s e  r e a c t i o n s  under var ious  pe r iod ic  con- 
d i t i o n s .  The o b j e c t i v e  of t h i s  work was t o  show t h a t  a c t u a l  i nc reases  
i n  y i e l d  of  5-l& above t h e  convent ional  s t eady- s t a t e  could be obta ined  
by the  pe r iod ic  ope ra t ion  of t h e  CSTR. 
The r e a c t o r  system cons i s t ed  of r e a c t a n t  f e e d  t anks ,  cons tan t  
head flow c o n t r o l l e r s ,  r e a c t a n t  ro tameters ,  a  r e a c t a n t  coo le r  and CSTR. 
The r e a c t a n t s  were g r a v i t y  f e d  t o  t h e  cons t an t  head flow c o n t r o l l e r s  
which a s su red  a cons t an t  flow t o  t h e  r o t m e t e r s .  Fine adjustments  t o  
t h e  flow r a t e  were made wi th  needle  va lves  i n  t h e  rotameters .  Reac tan ts  
en t e red  t h e  CSTR, were mixed wi th  a  th ree-b lade  impel le r  whi le  r e a c t i n g  
and overflowed i n t o  a  r ece iv ing  v e s s e l  where t h e  r e a c t i o n s  were quenched. 
The volume of l i q u i d  i n  t h e  r e a c t o r  was maintained cons tan t  a t  two l i t e r s .  
0 
The r e a c t i o n s  s tud ied ,  over t h e  temperature range of  -10 C t o  
60°c, were t h e  simultaneous a l k a l i n e  hydrolyses  of methyl a c e t a t e  and 
e t h y l  benzoate i n  an  acetone-water so lu t ion .  The l a t t e r  hydro lys is ,  
being much slower than  t h e  f i rs t ,  was made competi t ive by f i x i n g  t h e  
e t h y l  benzoate f eed  concent ra t ion  t o  be t e n  t imes t h a t  of  e i t h e r  t h e  
methyl a c e t a t e  o r  sodium hydroxide. React ion r a t e  cons t an t s  f o r  t h e s e  
two react ions  were determined experimentally; the  frequency f a c t o r s  and 
a c t i v a t i o n  energies were found t o  be: 
when the  reactant  so lu t ion  consis ted  of 70 p a r t s  by volume acetone made 
up t o  100 p a r t s  by the addi t ion  of d i s t i l l e d  water p lus  reac tan t s .  
The experimental method consis ted  of generat ing a per iodic  heat  
f l u x  ( maximum of 2.3 KW ) t o  t h e  reactor  by means of an e l e c t r i c a l  
heat ing element. The hea t  f l u x  was caused t o  be per iodic  by a cycle  
t imer,  which allowed con t ro l  of the  amount of time the  heat  f l u x  was 
on and o f f .  The subsequent r e s u l t  was a square-wave va r ia t ion  i n  the  
heat  f lux .  
During operat ion the  concentrat ions of t h e  reac tan t s  and products 
vary a s  a funct ion of time; t h e i r  time-averaged values over one cycle,  
however, approach a constant  o r  pseudo-steady-state value a f t e r  a  small 
number of cycles. These pseudo-steady-state concentrat ions were mea- 
sured by allowing the  reactor  e f f luen t  to  accumulate over one cycle  i n  
a receiving vesse l  and measuring the  product concentrat ions i n  t h i s  
composite sample. 
Experimental runs were made a t  @ =  0.95, 0.90, 0.80, 0.70 and 
0.60 ( @ i s  t h e  f r a c t i o n  of the  cycle during which the  hea t  flux i s  a t  
i t s  lower limit of zero ). The concentrat ion of ethanol  ( one of the  
products of t h e  reac t ion  with t h e  higher ac t iva t ion  energy ) i n  t h e  
composite samples was measured with a Perkin-Elmer {:as chromatograph 
equipped with a flame ionization detector. Experimental results were 
compared with results of a computer simulation of this operation and 
agreed favorably. Improvements of up to 11% were observed in the pseudo- 
steady-state yield of ethanol over its conventional steady-state yield. 
The yields of the products of the other reaction were found to decrease. 
CHAPTER I 
INTRODUCTION 
Many s t u d i e s  ( 3 , 3 9 )  o f  c o n t i n u o u s  f l o w  s t i r r e d  t a n k  r e a c t o r s  
(CSTR's) have been  made i n  t h e  p a s t ;  however ,  most  o f  t h e  work h a s  b e e n  
c e n t e r e d  a b o u t  s t e a d y - s t a t e  o p e r a t i o n .  T h i s  i s  p r i m a r i l y  due t o  t h e  
f a c t  t h a t  s t e a d y - s t a t e  o p e r a t i o n  i s  t h e  s i m p l e s t  t o  d e s c r i b e  mathe-  
m a t i c a l l y  and o f t e n  t h e  s i m p l e s t  t o  implement  p h y s i c a l l y .  I n  many r e -  
a c t i o n  s y s t e m s ,  such  a s  c o m p e t i t i v e  r e a c t i o n s  o f  d i f f e r e n t  o r d e r s  o r  
c o n s e c u t i v e  r e a c t i o n s ,  t h e r e  i s  u s u a l l y  a n  u p p e r  l i m i t  t o  t h e  p o s s i b l e  
y i e l d  o f  a d e s i r e d  p r o d u c t  i n  a  CSTR. T h i s  u p p e r  l i m i t  w i l l  b e  r e f e r r e d  
t o  a s  t h e  optimum s t e a d y - s t a t e  v a l u e .  T h i s  optimum s t e a d y - s t a t e  may b e  
e i t h e r  a  g l o b a l  optimum, where  w i t h i n  t h e  r a n g e  o f  o p e r a t i n g  c o n d i t i o n s  
t h e  change  o f  t h e  d e s i r e d  v a r i a b l e  w i t h  r e s p e c t  t o  t h e  c o n t r o l  v a r i a b l e  
i s  a c t u a l l y  z e r o ,  o r  a  l o c a l  optimum, where  f u r t h e r  i n c r e a s e  i n  t h e  
d e s i r e d  v a r i a b l e  i s  p r e v e n t e d  by some p h y s i c a l  r e s t r a i n t  ( such  a s  
b o i l i n g  p o i n t ,  h e a t  t r a n s f e r  r a t e ,  f l o w  r a t e ,  e t c . ) .  Both  t y p e s  o f  
s y s t e m s  o c c u r  i n  p r a c t i c e  and  were  examined i n  t h i s  work.  
An a l t e r n a t i v e  t o  s t e a d y - s t a t e  o p e r a t i o n  i s  u n s t e a d y  o p e r a t i o n ,  
which h a s  many f o r m s ,  one  o f  which i s  p e r i o d i c  r e a c t o r  o p e r a t i o n .  I n  
p e r i o d i c  r e a c t o r  o p e r a t i o n ,  one  o r  more o f  t h e  c o n t r o l  v a r i a b l e s  o f  
t h e  r e a c t c l r  i s  v a r i e d  p e r i o d i c a l l y  w i t h  r e s p e c t  t o  t i m e  u n t i l  a  p seudo-  
s t e a d y - s t a t e  i s  r e a c h e d .  T h i s  p s e u d o - s t e a d y - s t a t e  i s  s i m i l a r  t o  con- 
v e n t i o n a l  s t e a d y - s t a t e  i n  t h a t  t h e  t ime-ave raged  v a l u e  o f  t h e  s t a t e  
v a r i a b l e s  ( r a t h e r  t h a n  t h e  s t a t e  v a r i a b l e s  t hemse lves )  o v e r  t h e  p e r i o d  
o f  t h e  v a r i a t i o n  approach  a  c o n s t a n t  v a l u e .  A l though  t h e  s t a t e  v a r i -  
a b l e s  a r e  a  f u n c t i o n  o f  t i m e ,  t h e y  have  t h e  same v a l u e s  a t  t h e  end  o f  
t h e  p e r i o d  o f  v a r i a t i o n  t h a t  t h e y  d i d  a t  t h e  b e g i n n i n g ,  once  pseudo- 
s t e a d y - s t a t e  h a s  been  r e a c h e d .  The form o f  t h e  p e r i o d i c  v a r i a t i o n  o f  
t h e  c o n t r o l  v a r i a b l e  may b e  a  t r i a n g u l a r  wave, s i n e  wave, s q u a r e  wave, 
e t c .  S e v e r a l  o f  t h e s e  v a r i a t i o n s  have  been  s t u d i e d  t h e o r e t i c a l l y  and 
w i l l  b e  men t ioned  l a t e r .  Depending on  t h e  t y p e  o f  v a r i a t i o n  u s e d ,  
p e r i o d i c  u n s t e a d y - s t a t e  p r o c e s s e s  may b e  b roken  down i n t o  t h r e e  g e n e r a l  
c a t e g o r i e s :  ( a )  p u l s e d  o p e r a t i o n ,  (b)  chemica l  o s c i l l a t o r s ,  and ( c )  con- 
t r o l l e d  c y c l i n g .  Only t h e  l a t t e r  mode o f  p e r i o d i c  o p e r a t i o n  w i l l  b e  
c o n s i d e r e d  i n  t h i s  work. For  some c l a s s e s  o f  r e a c t i o n s ,  t h e  o p e r a t i o n  
of  t h e  r e a c t o r  p e r i o d i c a l l y  c a n  g e n e r a t e  i n c r e a s e s  i n  t h e  p r o d u c t  y i e l d  
o f  5%-50% above  t h e  c o n v e n t i o n a l  s t e a d y - s t a t e  v a l u e s .  Whether  p e r i o d i c  
o p e r a t i o n  can  improve t h e  p r o d u c t  y i e l d  beyond t h e  optimum s t e a d y - s t a t e  
depends  s t r i c t l y  on  t h e  r e a c t i o n  sys t em and t h e  t y p e  of optimum i n -  
v o l v e d  ( g l o b a l  o r  l o c a l ) .  S e v e r a l  t h e o r e t i c a l  s t u d i e s  have  b e e n  made 
which d e m o n s t r a t e  t h e  d e s i r a b i l i t y  o f  p e r i o d i c  r e a c t o r  o p e r a t i o n ;  how- 
e v e r ,  no e x p e r i m e n t a l  work h a s  been  done  i n  t h e  a r e a  o f  c o m p e t i t i v e  r e -  
a c t i o n  sys t ems  t o  v e r i f y  t h e s e  r e s u l t s .  I t  was t h e  p u r p o s e  of t h i s  
work t o  pe r fo rm e x p e r i m e n t a l  work t o  show t h a t  i n  some r e a c t i o n  s y s t e m s  
improvements i n  p r o d u c t  y i e l d s  can  b e  o b t a i n e d  by t h e  p e r i o d i c  o p e r a t i o n  
o f  t h e  r e a c t o r  and  t o  i n v e s t i g a t e  more f u l l y  t h e  phenomena a s s o c i a t e d  
w i t h  p e r i o d i c  o p e r a t i o n .  
CHAPTER I1 
UNSTEADY-STATE PROCESSING 
Unsteady-state operation is not novel to chemical and petro- 
chemical processing. Many times plants operate close to steady-state , 
but, in general, have variations in the systems which cause' them to 
behave essentially in unsteady-state fashion. The question that arises 
then is whether t6is is favorable or detrimental to the process. Schrodt 
(56,57) maintains that significant benefits can be obtained by delib- 
erately operating a system at unsteady-state conditions. He cites ex- 
amples of the unsteady-state operation of distillation columns, ex- 
traction columns, packed bed absorbers, crystallizers, ion exchangers 
and chemical reactors, suggesting in each case that performance can be 
improved to some degree by unsteady-state operation. In addition, Horn 
(33) has investigated the performance of periodic countercurrent pro- 
cesses and shown that, theoretically, efficiency can be improved con- 
siderably over conventional steady-state. The optimal operation of a 
variable-volume stirred tank reactor was investigated by Lund and 
Seagrave (42) in a theoretical study and the results showed that the 
unsteady-state variation of the volume of the reactor could produce an 
increase in the yield of the desired product for some classes of re- 
actions. 
P u l s e d  O p e r a t i o n  
Pu l sed  o p e r a t i o n ,  a s  ment ioned i n  t h e  l i t e r a t u r e ,  g e n e r a l l y  
r e f e r s  t o  a  p e r i o d i c  v a r i a t i o n  i n  one of t h e  i n p u t  v a r i a b l e s  t o  a  
r e a c t o r  ( f l o w  r a t e ,  i n i t i a l  c o n c e n t r a t i o n ,  e t c ) .  Laurence  and Vasudevan 
C 
( 3 8 )  and Ray (50)  performed t h e o r e t i c a l  s t u d i e s  on t h e  p e r i o d i c  ope ra -  
t i o n  o f  p o l y m e r i z a t i o n  r e a c t o r s .  I n  b o t h  ca.ses p e r i o d i c  o p e r a t i o n  was ' 
a c h i e v e d  by t h e  s i n u s o i d a l  v a r i a t i o n  o f  t h e  monomer f e e d  c o n c e n t r a t i o n s ;  
n e i t h e r  s t u d y  p r e s e n t e d  e x p e r i m e n t a l  r e s u l t s .  T h e o r e t i c a l  s t u d i e s  have  
a l s o  been made by Douglas and R i p p i n  (23 ) ,  Dorawala and Douglas ( 2 1 ) ,  
Renken ( 5 1 ) ,  R i t t e r  and Douglas ( 5 2 ) ,  and Douglas (22)  conce rn ing  t h e  
e f f e c t  o f  a  s i n u s o i d a l  v a r i a t i o n  of f e e d  c o n c e n t r a t i o n  and t h e  e f f e c t ,  
o f  t h e  f r equency  o f  t h e  v a r i a t i o n  oq n o n - l i n e a r  sys tems o f  r e a c t i o n s  
o c c u r r i n g  i n  CSTR's. Again,  i n  a l l  c a s e s ,  no e x p e r i m e n t a l  work was 
done t o  v $ r i f y  t h e  t h e o r e t i c a l  r e s u l t s  o b t a i n e d  from t h e  a n a l y t i c a l  
and numer ica l  s t u d i e s .  Exper imen ta l  work performed by L i  '(40) showed 
improvement i n  t h e  e x t r a c t i o n  o f  b e n z o i c  a c i d  from w a t e r  i n t o  t o l u e n e  
i n  a  p e r f o r a t e d  p l a t e  tower by p u l s e d  o p e r a t i o n  ( p u l s e d  f l o w  r a t e ) .  
Chemical O s c i l l a t o r s  
Chemical o s c i l l a t o r s  a r e  r e a c t i o n  sys tems p o s s e s s i n g  i n h e r e n t  
i n s t a b i l i t i e s  which c a u s e  n a t u r a l  o s c i l l a t i o n s  i n  t h e  sys tem o u t p u t  
w h i l e  t h e  i n p u t  v a r i a b l e s  remain  c o n s t a n t .  I n  o r d e r  f o r  t h e  sys tem t o  
e x h i b i t  t h i s  n a t u r a l  o s c i l l a t i o n ,  t h e  sys tem p a r a m e t e r s  must f a l l  w i th -  
i n  a  s p e c i f i e d  ran'ge; t h a t  i s ,  any g i v e n  combina.tion o f  p a r a m e t e r s  
would n o t  n e c e s s a r i l y  produce  o s c i l l a t i o n .  Douglas and R i p p i n  (23) have 
a l s o  s t u d i e d  chemical  o s c i l l a t o r s  and t h e  c o n d i t i o n s  n e c e s s a r y  t o  c a u s e  
n a t u r a l  o s c i l l a t i o n s  i n  n o n - l i n e a r  sys tems.  Exper imen ta l  work i n  t h i s  
a r e a  has  been done by Bacca ro ,  Ga i tonde  and Douglas ( 6 ) ,  who des igned  
a  l a b o r a t o r y  r e a c t o r  t o  o p e r a t e  a s  a  chemical  o s c i l l a t o r  f o r  t h e  hy- 
d r o l y s i s  of  a c e t y l  c h l o r i d e .  The o b j e c t  of  t h e  e x p e r i m e n t a l  work was 
t o  compare t h e  a c t u a l  o s c i l l a t o r y  b e h a v i o r  w i t h  t h e  b e h a v i o r  p r e d i c t e d  
by a ma themat ica l  model.  Agreement was f a i r l y  good. 
C o n t r o l l e d  C y c l i n g  
C o n t r o l l e d  c y c l i n g ,  which i s  a l s o  known a s  "bang-bang" o r  "on- 
o f f "  o p e r a t i o n  i s  a  t y p e  of p e r i o d i c  u n s t e a d y - s t a t e  o p e r a t i o n  where in  
t h e  c o n t r o l  v a r i a b l e s  o f  t h e  sys tem a r e  d e l i b e r a t e l y  v a r i e d  w i t h  t ime  
i n  a  square-wave o r  Itba.ng-bang" manner. T h i s  t y p e  of o p e r a t i o n  c a n  be 
a p p l i e d  t o  many d i f f e r e n t  t y p e s  o f  equipment i n  chemica l  u n i t  o p e r a t i o n s .  
Cannon (13,14)  conceived t h e  idea  of  c o n t r o l l e d  c y c l i n g  abou t  
1952. L a t e r  e x p e r i m e n t a l  work was performed by Gaska a.nd Cannon (28) 
and MCWhirter and Cannon ( 4 4 ) .  T h e i r  i n v e s t i g a . t i o n s  i n t o  b o t h  s i e v e  
and s c r e e n  p l a t e  columns and packed p l a t e  columns showed t h a t  c o n t r o l l e d  
c y c l i c  o p e r a t i o n  o f  s e p a r a t i o n  columns cou ld  i n c r e a s e  column th rough-  
p u t  w i t h o u t  s a c r i f i c i n g  e f f i c i e n c y .  Sommerfeld e t  a l .  (61) performeu 
a n a l o g  computer s i m u l a t i o n s  o f  a  c o n t r o l l e d  c y c l e d  d i s t i l l a t i o n  column. 
An improved s e p a r a t i n g  a b i l i t y  of a  column o p e r a t e d  i n  t h i s  f a s h i o n  
was shown t o  be due t o  t h e  e f f e c t i v e  p l a t e  e f f i c i e n c y  b e i n g  s i g n i f i -  
c a n t l y  g r e a t e r  t h a n  t h e  p o i n t  e f f i c i e n c y  f o r  any g i v e n  p l a . t e .  Chien 
e t  a l .  (16) and Robinson and Engel  (54) s i m u l t a n e o u s l y  d e r i v e d  t h e  
a n a l y t i c a l  e x p r e s s i o n s  d e s c r i b i n g  t h e  c y c l i c  o p e r a t i o n  o f  a  d i s t i l l a -  
t i o n  column. Chien e t  a l .  (16) concluded t h a t  improvement i n  t h e  
s e p a r a t i n g  a b i l i t y  o f  a  d i s t i l l a t i o n  column c o u l d  b e  o b t a i n e d  by c y c l i c  
o p e r a t i o n .  Robinson and Engel  (54) s t a t e d  t h a t  c o n t r o l l e d  c y c l i n g  a t  
b e s t  s h o u l d  g i v e  s e p a r a t i o n  comparable  t o  t h a t  o f  a  c o n v e n t i o n a l l y  
o p e r a t e d  column w i t h  no  l i q u i d  mix ing  on t h e  t r a y s .  A s u b s e q u e n t  ex-  
p e r i m e n t a l  s t u d y  per formed by S c h r o d t  e t  a l .  (58) s e p a r a t i n g  a n  a c e t o n e -  
w a t e r  m i x t u r e  showed, however,  t h a t  t h e  p r i m a r y  a d v a n t a g e  o f  c y c l i c  
o p e r a t i o n  was t h a t  two o r  more t i m e s  t h e  c o n v e n t i o n a l  column t h r o u g h p u t  
c o u l d  be o b t a i n e d .  May and Horn (46) have  a l s o  s t u d i e d  t h e  p e r i o d i c  
o p e r a t i o n  o f  a  d i s t i l l a t i o n  column b u t  t h e i r  p r i m a r y  c o n c e r n  was t h e  
s t a g e  e f f i c i e n c y  and e f f e c t  o f  mix ing  on p e r i o d i c  c o u n t e r c u r r e n t  p r o -  
c e s s e s .  
S e v e r a l  s t u d i e s  on equipment  o t h e r  t h a n  d i s t i l l a t i o n  columns 
have a l s o  b e e n  made. Kowler and Kad lec  (37) have  shown e x p e r i m e n t a l l y  
t h a t  t h e  o p t i m a l  c o n t r o l  o f  a  p e r i o d i c  a d s o r b e r  i s  "bang-bang" a n d  
t h a t  t h i s  mode o f  o p e r a t i o n  p roduces  b e t t e r  s e p a r a t i o n  t h a n  c o n v e n t i o n a l  
s t e a d y - s t a t e  o p e r a t i o n .  B a i l e y  and Horn (8) have  shown t h a t  c y c l i c  
o p e r a t i o n  of  c a t a l y t i c  r e a c t i o n  s y s t e m s  improves  c a t a l y s t  s e l e c t i v i t y  
and B a i l e y ,  Horn and L i n  (9 )  have  i n v e s t i g a t e d  t h e  e f f e c t s  o f  h e a t  and 
mass t r a n s f e r  r e s i s t a n c e  i n  t h e  c y c l i c  o p e r a t i o n  o f  a  CSTR. Horn and  
L i n  ( 3 2 ) ,  C o d e l l  and  Enge l  (17)  and Matsubara  e t  a l .  (45) have  a l l  i n -  
v e s t i g a t e d  t h e  p e r i o d i c  o p e r a t i o n  of  CSTR's. The l a t t e r  f i v e  s t u d i e s ,  
which e n t a i l e d  no e x p e r i m e n t a l  work,  showed t h a t  f o r  some c l a s s e s  o f  
r e a c t i o n s ,  improved y i e l d  o f  a  d e s i r e d  p r o d u c t  c o u l d  b e  o b t a i n e d  by 
t h e  c y c l i c  o r  p e r i o d i c  o p e r a t i o n  o f  t h e  r e a c t o r .  
S e v e r a l  e x p e r i m e n t a l  s t u d i e s  have  been  done r e c e n t l y  i n  t h e  a r e a  
of periodic operation. One of these included the operation and model- 
ling of a periodic, countercurrent liquid-solid reactor by Dodds et 
al. (20) in which an ion exchange resin was transferred periodically 
from stage to stage of a Cloete-Streat stage-wise solid-liquid reactor 
counter-current to an aqueous sodium hydroxide stream. Results indi- 
cated that, for a certain range of operating conditions, unsteady-state 
operation (with periodic transfer of solid resin) was superior to con- 
tinuous steady-state operation. 
A second experimental study was performed by Ausikaitis and Engel 
(5). In this study, a CCTR (controlled cycled tank reactor) was inves- 
tigated using the reaction between sodium thiosulfate and hydrogen 
peroxide. The purpose of the work was to investigate multiplicity of 
steady-states. Results indicated that this reactor (CCTR) could be 
operated stably in a region which would be unstable under normal steady- 
state operating conditions. This periodic operation of the CCTR also 
resisted efforts of transient upsets to cause the system to go unstable. 
Optimization Theory 
The optimal design of conventionally operated CSTR's has been 
treated by Aris ( 3 , 4 )  and Bellman (10) both of whom used dynamic pro- 
gramming as their optimization technique. Beveridge and Schechter (12) 
have compiled an excellent review of numerous optimization techniques 
which can be used to determine the optimal steady-state operating policy. 
One of the most powerful tools developed in recent years for the de- 
termination of optimal control policies is the Pontryagin Maximum Prin- 
ciple, which was published in English in 1962 from the original Russian 
work of Pontryagin et al. (49). An excellent review of the Maximum 
Principlc and some examples of its use are given by Rozonoer (55). 
Siebenthal and Aris (60) have applied the Maximum Principle to the 
control of CSTR's and Sha.tkhan (59) has applied it to the optimiza.tion 
of parallel chemical reactions. Bertucci and Lapidus (11) have attemptea 
to simplify calculations by using a Modified Maximum Principle. This 
modification to the Maximum Principle, introduced by Chaprun (15) in 
1967, removes the instability in the adjoint variable integra.tion. 
Application of the Maximum Principle in most cases requires a knowledge 
of the calculus of variations. Gelfand and Fomin (29), Akhiezer (2) 
and Elsgolc (25) have a.11 prepared texts on the calculus of variations. 
Analoguous to the optimum (either global or local) which may 
exist in conventional steady-state operation, there may also exist an 
optimum periodic state. The determination of the optimal "bang-bang" 
control policy for linear and non-linear systems has been investigated 
by Edgar and Lapidus (24) in which the authors studied the minimum 
time control of a two-sta.ge CSTR being operated periodically. Lin and 
Horn (32) investigated the optimization of a competitive second and 
first-order reaction system using the Pontryagin Maximum Principle, 
Bailey (7) studied optimal periodic processes in the limits of very 
fast and very slow cycling and Locatelli and Rinaldi (41) investigated 
optimal quasi-stationary periodic processes. 
Experimental Reaction System 
The reaction system chosen for this experimental work had to 
meet rigorous requirements regarding the ra.tio of activation energies, 
overall rate of reaction, and stability. The reaction system which 
offered the most promise was the simultaneous alkaline hydrolysis of 
two carboxylic esters. A survey of the literature showed that the 
activation energies for most hydrolysis reactions occurring in pure 
water were not sufficiently far apart to give the desired increase in 
product yield by periodic operation. However, studies showed that the 
same reactions occurring in certain aqueous-organic solvent systems had 
significantly different activation energies. Therefore, the reaction 
system chosen was the simultaneous alkaline hydrolyses of methyl acetate 
and ethyl benzoate in a 70% aqueous-acetone medium (this will be de- 
fined more explicitly in Chapter VI). The alkaline hydrolysis of methyl 
acetate in various aqueous-organic solvents has been studied extensively 
by Davies and Evans (19) ,  Gallagher et al. (27),  Jones and Thomas (36) 
and Yager et al. (66). In addition, the alkaline hydrolysis of ethyl 
benzoate in aqueous-organic solvents has been studied by Evans et al. 
(26), Ingold and Nathan (34), Newling and Hinshelwood ( 4 7 ) ,  T i m m  and 
Hinshelwood ( 6 2 ) ,  Tommila (63), Tommila and Hinshelwood (64), and 
Tommila et al, (65). Reaction rate constants, activation energies, 
solvent effects and types of mechanisms have all been previously de- 
termined and the rate constants were verified experimentally in this 
work. 
CHAPTER I11 
THE PONTRYAGIN MAXIMUM PRINCIPLE 
I n  1 9 6 2  w i t h  t h e  t r a n s l a t i o n  from R u s s i a n  t o  E n g l i s h  of  t h e  
work o f  P o n t r y a g i n  e t  a l .  ( 4 9 ) )  a  powerful  t e c h n i q u e  f o r  t h e  d e t e r m i n -  
a t i o n  o f  o p t i m a l  c o n t r o l  p o l i c i e s  was made a v a i l a b l e .  T h i s  method,  
known a s  t h e  P o n t r y a g i n  Maximum P r i n c i p l e ,  i s  q u i t e  s o p h i s t i c a t e d  and 
i n v o l v e s  t h e  u s a g e  o f  s e v e r a l  theorems which w i l l  be  m e r e l y  s t a t e d  
h e r e ;  no a t t e m p t  t o  p rove  t h e s e  theorems w i l l  b e  made, s i n c e  t h e  p r o o f s  
a r e  l e n g t h y  and have a l r e a d y  been p r e s e n t e d  by P o n t r y a g i n  and o t h e r s  
(49).  The Maximum P r i n c i p l e ,  a s  i t  a p p l i e s  t o  p e r i o d i c  chemica l  p ro -  
c e s s e s ,  however, w i l l  b e  d e s c r i b e d  a s  t h o r o u g h l y  a s  p o s s i b l e .  
A l l  u n s t e a d y - s t a t e  p r o c e s s e s  i n  t h e  chemical  i n d u s t r y  c a n  b e  
d e s c r i b e d  by  a  sys tem of  ma . t e r i a1  a n d / o r  ene rgy  b a l a n c e s .  These  a r e  
o f t e n  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  ( l i n e a r  o r  n o n - l i n e a r )  which can  
b e  e x p r e s s e d  i n  s t a t e  v a r i a b l e  form: 
where x 
1'"" 
x  a r e  t h e  s t a . t e  v a r i a b l e s  ( v a r i a b l e s  d e s c r i b i n g  t h e  
n  
s t a t e  of  t h e  sys tem,  such a.s c o n c e n t r a . t i o n ,  t e m p e r a t u r e ,  e t c . )  and 
u l J * * - ,  
a r e  t h e  c o n t r o l  v a r i a b l e s  o f  t h e  sys tem ( v a r i a b l e s  which 
r 
may be  c o n t r o l l e d ,  such  a s  h e a t  f l u x ,  f low r a t e ,  i n i t i a l  c o n c e n t r a t i o n  
o f  r e a c t a n t s ,  e t c . ) .  S i n c e  i n  p e r i o d i c  r e a c t o r  o p e r a . t i o n ,  t h e  be- 
havior of the system (once pseudo-steady-state has been achieved) is 
identical from one period to the next, the time interval under con- 
sideration will be 0 5 t 5 7 ,  where T is the length of the period in 
dimensionless time units. In order that optimal control be achieved, 
the control variables will be allowed to be a function of time during 
the period, or 
If the initial values of the state variables are known, a solu- 
tion to Equations (3.1) can be uniquely determined. 
The following consideration of the Pontryagin Maximum Principle 
is taken principally from the published work of L. S. Pontryagin et al. 
(49) in order that the approach to the solution of the problem be 
clear. 
Consider the functional: 
where f (x 
0 1'"" 
x . ul, ..., u ) is a specified function. For any set 
n ' r 
of control policies ~(t), specified over the interval 0 I ts T ,  the 
value of J is uniquely determined. If there exist various sets of 
control functions, U ( t ) ,  which transfer the controlled system from the 
initial state, X ( O ) ,  to the final state, X{T), then the object is to 
find that control set, U(t), which transfers the system from the initial 
t o  f i n a l  s t a t e s  and a t  t h e  same t i m e  minimizes  t h e  v a l u e  o f  t h e  func-  
t i o n a l  J.  
It  i s  now n e c e s s a r y  t o  d e f i n e  a new s t a t e  v a r i a b l e ,  x which 
0  ' 
obeys  t h e  r e l a t i o n  
i n  w h i c h  f i s  t h e  same f u n c t i o n  which appeared  i n  E q u a t i o n  ( 3 . 3 ) .  I n -  
0 
t e g r a t i o n  o f  E q u a t i o n  (3.4) between to  and t y i e l d s  xo i n  t h e  f o l l o w i n g  
form: 
S e t t i n g  t = 0  and t = 7 w e  obta . in :  
0  
I n  o t h e r  words t h e  o p t i m a l  c o n t r o l  p o l i c y  i s  one which t r a n s f e r s  t h e  
c o n t r o l l e d  sys tem from t h e  i n i t i a l  s t a t e  t o  t h e  f i n a l  s t a t e  i n  such a  
manner t h a t  t h e  new s t a t e  v a r i a b l e ,  x i s  minimized.  
0  ' 
I n  a d d i t i o n  t o  t h e  sys t em of d i f f e r e n t i a l  e q u a t i o n s  i n  t h e  s t a t e  
and c o n t r o l  v a r i a b l e s ,  i t  i s  n e c e s s a r y  t o  i n t r o d u c e  a  s e t  of  a d j o i n t  
v a r i a b l e s  ($0,$1 ,..., 1,) d e f i n e d  by 
Equations (3.7) are a system of linear, homogeneous, differential equa- 
tions, which for any given set of initial conditions, admits a unique 
solution, Y = (to, .  . . , ) One additional quantity, known as the 
Hamiltonian of the system, is defined as: 
As a result of this definition, the original system of equations in 
the state variables and the system of equations in the adjoint variables 
can be rewritten as: 
The following definition is also necessary in order to develop the Max- 
imum Principle: 
That is, for fixed values of the elements of Y and X, 5 is the absolute 
value of the maximum of the Hamiltonian. The Pontryagin Maximum Prin- 
c i p l e ,  t h e n ,  which i s  a  n e c e s s a r y  b u t  n o t  s u f f i c i e n t  c o n d i t i o n  f o r  
u p t i m a l i t y ,  can be s t a t e d  i n  t h e  f o l l o w i n g  theorem: 
THEOREM 1. I f  U ( t ) ,  0 S t 5 7, i s  a n  a d m i s s i b l e  c o n t r o l  v e c t o r  such 
t h a t  t h e  cor respond ing  t r a j e c t o r y  X ( t )  b e g i n s  a t  some p o i n t  X(0) a t  
t ime  t = 0  and p a s s e s  through X ( 7 )  a t  t ime t = 7, t h e n  i n  o r d e r  f o r  t h e  
t r a j e c t o r y  t o  be o p t i m a l ,  t h e r e  must e x i s t  a  non-ze ro ,  con t inuous  v e c t o r  
f u n c t i o n ,  y ( t )  = ($ro(t) ,..., ( t ) ) ,  such t h a t  
n  
I .  f o r  eve ry  t i n  t h e  range  0 < t ST t h e  Hami l ton ian ,  X(Y,X,U), a t t a i n s  
i t s  maximum v a l u e  a t  U = U ( t ) :  
11. a t  t h e  f i n a l  t i m e ,  7 ,  t h e  f o l l o w i n g  e q u a t i o n s  must b e  s a t i s f i e d :  
I n  a d d i t i o n  i f  Y ( t ) ,  X ( t )  and U ( t )  s a t i s f y  Equa t ions  (3.9) and (3 .10) ,  
and c o n d i t i o n  I ,  t h e n  t h e  f u n c t i o n s  Y ( t )  and E,(Y(t), X ( t ) )  a r e  con- 
0 
s t a n t .  T h e r e f o r e ,  Equa t ions  (3 .13)  and (3.14) a r e  t r u e  f o r  t ime  
0 5  t <  7 .  
CHAPTER I V  
APPLICATION OF THE PONTRYAGIN MAXIMUM PRINCIPLE 
TO PARALLEL WACTIONS OCCURING I N  A CSTR 
The k i n e t i c s  of p a r a l l e l  r e a c t i o n s  o c c u r i n g  i n  a  CSTR have been 
w i d e l y  s t u d i e d  f o r  conven t iona l  s t e a d y - s t a t e  o p e r a t i o n  (39) ;  however, 
s t u d i e s  of p e r i o d i c  r e a c t o r  o p e r a t i o n  have been l i m i t e d  t o  t h e o r e t i c a l  
a n a l y s e s  of sys tems of t h e  t y p e  2A-.B, A+C o r  s i n g l e  r e a c t i o n  such  a s  
2A4B. Th is  i s  p r i m a r i l y  due t o  t h e  f a c t  t h a t  some n o n - l i n e a r i t y  i n  
t h e  system i s  thought  t o  be  n e c e s s a r y  i n  o r d e r  t o  o b t a i n  improvement 
v i a  p e r i o d i c  o p e r a t i o n .  An exper imenta l  s t u d y  of a n  o s c i l l a t i n g  r e -  
a c t o r  performed by Baccaro e t  a l .  ( 6 )  and t h e o r e t i c a l  s t u d i e s  of poly-  
m e r i z a t i o n  r e a c t o r s  performed by Laurence and Vasudevan (38) and Ray 
(50) a l l  u t i l i z e d  a  n o n - l i n e a r i t y  i n  t h e  r e a c t i o n  o r d e r ,  i . e .  t h e  
r e a c t i o n s  were  a t  l e a s t  second-order  w i t h  r e s p e c t  t o  one of t h e  r e -  
a c t i n g  s p e c i e s .  I n  t h e s e  s t u d i e s ,  t h e  i n i t i a l  c o n c e n t r a t i o n  of a  r e -  
a c t a n t  or  c h a i n  i n i t i a t o r  was v a r i e d  s f n u s o i d a l l y  i n  o rder  t o  o b t a i n  
p e r i o d i c  o p e r a t i o n ;  however, no a t t e m p t  t o  compare t h e  r e s u l t s  w i t h  con- 
v e n t i o n a l - s t e a d y - s t a t e  o p e r a t i o n  was made. 
A second n o n - l i n e a r i t y ,  which e x i s t s  i n  a l l  r e a c t i o n  sys tems ,  
i r r e s p e c t i v e  of t h e i r  o r d e r ,  i s  t h e  e x p o n e n t i a l  t empera tu re  dependence 
of t h e  r e a c t i o n  r a t e  c o n s t a n t .  L in  (32)  has  t aken  advan tage  of t h i s  
n o n - l i n e a r i t y  i n  a  t h e o r e t i c a l  s t u d y  t o  show t h a t  i n c r e a s e s  i n  p roduc t  
y i e l d  above t h e  c o n v e n t i o n a l - s t e a d y - s t a t e  y i e l d  could  be  o b t a i n e d  by 
t h e  p e r i o d i c  v a r i a t i o n  o f  t h e  h e a t  f l u x  t o  or  from t h e  r e a c t o r .  Th i s  
causes t h e  temperature of t h e  r e a c t o r  t o  a l s o  vary p e r i o d i c a l l y ;  and 
due t o  the exponent ial  dependence of the  r a t e  cons tan t  on tempera- 
t u r e ,  t h e  n o n - l i n e a r i t y  i s  u t i l i z e d  t o  i t s  f u l l e s t  advantage. Schrodt 
(56,57) expla ins  t h e  improved opera t ion  a s  t h e  r e s u l t  of a  d r i v i n g  
fo rce  which changes wi th  t ime,  and whose time average va lue  over one 
cyc le  i s  higher  than t h e  comparable s t e a d y - s t a t e  d r iv ing  force .  ~t 
would appear ,  then,  t h a t  i n  order  t o  t ake  advantage of t he  temperature 
n o n - l i n e a r i t y ,  i t  would not  be necessary t o  have t h e  n o n - l i n e a r i t y  i n  
the  r e a c t i o n  order ;  and s i n c e  r e a c t i o n s  of t h e  type  2 A - + B ,  A 4  a r e  not  
very common, cons ide ra t ion  w i l l  be given pr imar i ly  t o  r e a c t i o n s  of t he  
form A+B -. C+D, A+E -, F+G which a r e  f i r s t  order  w i th  r e s p e c t  t o  each 
of t h e  spec ies  r e a c t i n g  i n  both r e a c t i o n s  ( r e a c t a n t  A ) .  
P a r a l l e l  React ions of t h e  Form 2A+B, A-.C -- 
It i s  d i f f i c u l t  t o  t h ink  of a p a i r  of r e a c t i o n s  which i s  r ep re -  
sen ted  by t h i s  system of equat ions ;  however, i t  might conceivably de- 
s c r i b e  a  second order  d imer iza t ion  of some m a t e r i a l  accompanied by 
a  pseudo-f i r s t -order  hydro lys is  or  thermal decomposition. 
Now consider  t h e  case  of t he  two r e a c t i o n s  shown below 
where r e a c t i o n  (4.1) i s  second-order and r e a c t i o n  (4.2) i s  f i r s t - o r d e r  
and the  r a t e  cons tan ts  can be descr ibed  by the  Arrhenius r e l a t i o n s h i p :  
I n  t h i s  case  i t  w i l l  be assumed t h a t  r e a c t i o n  (4.1) i s  d e s i r a b l e  and 
r e a c t i o n  (4 .2 )  i s  undes i rab le .  Therefore,  only t h e  opt imiza t ion  of 
product B w i l l  be considered.  I f  t he se  r e a c t i o n s  occur i n  a  CSTR 
s i m i l a r  t o  the one shown i n  F igure  1, t h e  dynamic m a t e r i a l  and energy 
balances for  spec i e s  A and B a r e  given by Equations (4 .4 ) - (4 .6 ) .  
Figure 1. Diagram of a CSTR 
dc - E ~ / R T  - E ~  /RT A = -k 
d t '  l o e  2  0 cA + QF(CAO - C,) I V  ( 4 . 4 )  C A - k  e  
dT t '  = q/1000p C V + QF(TO - T) /V  
4, P 
These  e q u a t i o n s  c a n  be  s i m p l i f i e d  by t h e  i n t r o d u c t i o n  of t h e  fol-lowing 
d i m e n s i o n l e s s  q u a n t i t i e s :  
where x x and x a r e  t h e  s t a t e  v a r i a b l e s  and y i s  t h e  s i n g l e  c o n t r o l  
1' 2 3 
v a r i a b l e  of t h e  system. S u b s t i t u t i o n  of t h e s e  q u a n t i t i e s  i n t o  Equa t ions  
( 4 . 4 ) - ( 4 . 6 )  y i e l d s  Equat ions  (4 .15) - (4 .17)  which a r e  i n  s t a t e  v a r i a b l e  
form. 
dx 
1 - l / x 3  - -  - - 2 -p/x3 
d t  
a x e  
1 1  
- a x e  
2 1 
- x  + l  = 
1 f l  
Because of t h e  d e f i n i t i o n  of t h e  c o n s t a n t s  a  and a  ( a s  w e l l  a s  t h a t  
1 2 
of t h e  d imens ion less  t ime t ) ,  t h e  r e a c t o r  volume, f l o w  r a t e  and i n i -  
t i a l  c o n c e n t r a t i o n  of r e a c t a n t  a r e  c o n s t r a i n e d  t o  remain c o n s t a n t .  
T h e r e f o r e ,  t h e  p h y s i c a l  q u a n t i t y  which i s  be ing  v a r i e d  i n  o r d e r  t o  
change t h e  v a l u e  of t h e  c o n t r o l  v a r i a b l e  (y )  i s  t h e  h e a t  f l u x  (q )  t o  
o r  from t h e  r e a c t o r .  The op t imal  c o n t r o l  p o l i c y  f o r  t h i s  system can 
be found i n  s e v e r a l  ways; t h e  methods d i s c u s s e d  i n  t h i s  work w i l l  con- 
s i s t  of (1 )  t h e  Pon t ryag in  Maximum P r i n c i p l e  and (2 )  a  numer ica l  s o -  
l u t i o n .  
Opt imiza t ion  by t h e  Pon t ryag in  Maximum P r i n c i p l e  
A s  s t a t e d  i n  Chapter 111, i n  o rder  t o  u s e  t h e  Pon t ryag in  Maxi- 
mum P r i n c i p l e ,  i t  i s  n e c e s s a r y  t o  d e f i n e  a s e t  of a d j o i n t  v a r i a b l e s ,  
$ ( x , y , t ) .  From t h e  d e f i n i t i o n s  of Chapter 111, (Equa t ion  ( 3 . 7 ) ) ,  t h e  
a d j o i n t  v a r i a b l e s  a r e  g iven  by Equat ions  ( 4 . 1 8 ) - ( 4 . 2 0 ) .  
d43 2 - 1 /x3 -= (alxle f a x p e  
d t  2 1 
In  convent ional  s t e a d y - s t a t e  opera t ion ,  t he  s t a t e  and a d j o i n t  
v a r i a b l e s  would approach some cons tan t  va lue  and would then  be time 
i n v a r i a n t .  This i s  not  t r u e  i n  pe r iod ic  opera t ion .  The s t a t e  and ad- 
j o i n t  v a r i a b l e s  a r e  a  func t ion  of time and vary over t h e  period (or 
c y c l e ) .  I t  i s  t h e r e f o r e  necessary t o  in t roduce  the  concept of time- 
averaged values i n t o  t h e  d iscuss ion  of t h i s  r e a c t i o n  system. The 
time-averaged va lue  of a  s t a t e  v a r i a b l e  w i l l  be denoted by a  bar over 
t he  v a r i a b l e  and i s  def ined  a s :  
Since t h e  con t ro l  v a r i a b l e  w i l l  a l s o  vary wi th  t ime, a  s i m i l a r  d e f i -  
n i t i o n  i s  made fo r  i t :  
I n  ana logy  w i t h  c o n v e n t i o n a l - s t e a d y - s t a t e  o p e r a t i o n ,  it i s  t h e  t i m e -  
averaged  v a l u e s  of t h e  s t a t e  v a r i a b l e s  which approach c o n s t a n t  or 
pseudo-s t eady-s  t a t e  v a l u e s  a s  t ime p r o g r e s s e s .  
One l a s t  d e f i n i t i o n ,  t h e n ,  i s  t h a t  of t h e  o b j e c t i v e  f u n c t i o n  
f o r  t h i s  system. L e t t i n g  s p e c i e s  B ( s t a t e  v a r i a b l e  x ) b e  t h e  d e s i r e d  
2 
p r o d u c t ,  t h e n  t h e  o b j e c t i v e  f u n c t i o n  M i s  d e f i n e d  a s  : 
This  o b j e c t i v e  f u n c t i o n  cor responds  t o  t h e  o b j e c t i v e  f u n c t i o n  J i n  
Chapter  111 excep t  t h a t  i t  i s  now our d e s i r e  t o  maximize M where T 
was minimized p r e v i o u s l y .  
P r i o r  t o  t h e  s o l u t i o n  of t h i s  sys tem,  t h e  importance of a  v a l u e  
f o r  t h e  c o n s t a n t  p w i l l  be d i s c u s s e d .  There  a r e  s e v e r a l  c o n s t r a i n t s  
which must b e  met by e q u a t i o n s  (4 .15) - (4 .17)  i n  c o n v e n t i o n a l  s t e a d y -  
s t a t e  o p e r a t i o n  i n  o rder  t o  a s s u r e  a n  optimum s t e a d y - s t a t e .  The f i r s t  
and t h e  second i s  
I m p l i c i t  d i f f e r e n t i a t i o n  of Equat ions  (4 .15)-(4 .17)  and r e -  
ar rangement  y i e l d s  t h e  f o l l o w i n g  e q u a t i o n  f o r  c o n d i t i o n  (4.24):  
which r e s t r i c t s  p t o  be g r e a t e r  t h a n  0.5. I n  a d d i t i o n ,  L i n  (32) has  
shown t h a t  c o n d i t i o n  (4.25) r e s t r i c t s  p t o  be l e s s  t h a n  one i n  o rder  
f o r  t h e  s t a t i o n a r y  p o i n t  t o  b e  a  maximum. Reviewing t h e  c o n s t r a i n t s  
we s e e  t h a t  
T h e r e f o r e ,  f o r  a  v a l u e  of p w i t h i n  t h e s e  l i m i t s ,  t h e r e  e x i s t s  a  s t a t i o n -  
a r y  p o i n t  f o r  x which i s  a  maximum. It can a l s o  be  shown, t h a t  f o r  2  
p w i t h i n  t h e s e  l i m i t s ,  t h e  v a l u e  of t h e  redundan t  s t a t e  v a r i a b l e  x  4 
( C  /C ) does  n o t  have a  s t a t i o n a r y  p o i n t  b u t  i n c r e a s e s  monoton ica l ly  
C A 0  
w i t h  y .  . 
S i n c e  L i n  (32)  h a s  a l s o  shown t h a t  t h e  op t imal  c o n t r o l  p o l i c y  
was "bang-bang" o p e r a t i o n  ( s e e  F i g u r e  2 ) ,  t h i s  mode of v a r i a t i o n  of 
t h e  c o n t r o l  v a r i a b l e  w i l l  be  used throughout  t h i s  t h e s i s  a s  t h e  op t imal  
c o n t r o l  p o l i c y  w i t h o u t  f u r t h e r  p roof .  As a  check,  t h e  s q u a r e  wave 
v a r i a t i o n  was compared t o  t r i a n g u l a r  wave v a r i a t i o n  and found t o  be  
s u p e r i o r  w i t h  r e s p e c t  t o  improvement of t h e  d e s i r e d  p roduc t  y i e l d .  
P r i o r  t o  t h e  u s e  of t h e  Maximum P r i n c i p l e ,  i t  i s  n e c e s s a r y  t o  
p l a c e  some bounds on t h e  c o n t r o l  v a r i a b l e  y .  The lower bound w i l l  b e  
f i x e d  by t h e  t e m p e r a t u r e  o f  t h e  incoming r e a c t a n t  s t r e a m  ( f o r  h e a t  
f l u x  i n t o  t h e  r e a c t o r )  or  by t h e  incoming t e m p e r a t u r e  and t h e  r a t e  of 
c o o l i n g  ( f o r  h e a t  f l u x  out  of t h e  r e a c t o r ) .  L i m i t a t i o n s  on h e a t  t r a n s -  
F i g u r e  2. "Bang-Bang" V a r i a t i o n  of Cont ro l  V a r i a b l e  
f e r  r a t e s ,  b o i l i n g  p o i n t s  and o t h e r  p h y s i c a l  q u a n t i t i e s  w i l l  s e t  a 
l i m i t  on t h e  upper bound. 
The op t imal  c o n t r o l  p o l i c y  can t h e n  be determined by i n t e g r a -  
t i o n  of Equa t ions  (4 .15) - (4 .20)  s u b j e c t  t o  t h e  boundary c o n d i t i o n s :  
These boundary c o n d i t i o n s  app ly  s p e c i f i c a l l y  t o  p e r i o d i c  o p e r a t i o n  of 
a CSTR. The o p t i m i z a t i o n  procedure  is  c a r r i e d  o u t  by guess ing  v a l u e s  
f o r  t h e  s t a t e  and a d j o i n t  v a r i a b l e s  and f o r  t and t ( s e e  F i g u r e  2 ) .  
1 2 
The system of Equat ions  (4 .15)-(4 .20)  i s  t h e n  i n t e g r a t e d  over  one 
p e r i o d  ( o r  c y c l e ) .  I f  boundary c o n d i t i o n s  (4 .28) - (4 .29)  a r e  obeyed, 
t h e n  t h e  system i s  a t  i t s  p s e u d o - s t e a d y - s t a t e  c o n d i t i o n  f o r  t h e  con- 
t r o l  p o l i c y  s e l e c t e d .  I f  t h e y  a r e  n o t  obeyed, t h e  i n i t i a l  v a l u e s  of 
t h e  s t a t e  and a d j o i n t  v a r i a b l e s  a r e  t h e n  a d j u s t e d  based on t h e  d i f -  
f e r e n c e  between t h e  i n i t i a l  and f i n a l  v a l u e s  of b o t h  t h e  s t a t e  and 
a d j o i n t  v a r i a b l e s  d u r i n g  t h e  f i r s t  t r i a l .  The system of e q u a t i o n s  i s  
i n t e g r a t e d  a g a i n  u s i n g  t h e  new i n i t i a l  v a l u e s  and t h e  p rocess  i s  r e -  
pea ted  u n t i l  t h e  p s e u d o - s t e a d y - s t a t e  i s  r eached  (boundary c o n d i t i o n s  
(4.28) and (4.29) a r e  m e t ) .  S i n c e  t h e  v a l u e s  of x a r e  now known a s  
2 
a f u n c t i o n  t o  t ime,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  v a l u e  o f  t h e  ob- 
j e c t i v e  f u n c t i o n  from Equa t ion  (4.23).  I n  a d d i t i o n ,  s i n c e  t h e  v a l u e s  
of t and t chosen were n o t  n e c e s s a r i l y  t h e  op t imal  v a l u e s ,  L i n  (32)  
1 2 
showed t h a t  t h e  v a l u e  of t h e  o b j e c t i v e  f u n c t i o n  cou ld  p o s s i b l y  be  i n -  
c r e a s e d  by s e l e c t i o n  of new v a l u e s  of t and t from Equat ions  (4.30) 
1 2 
and ( 4 . 3 1 ) :  
where 
=: (X2 + C $ i f i  - PI} a t ,  
- - ' { x  - +I$.£. -M} a t ,  T - 2  . I 
and s i s  some smal l  q u a n t i t y .  Using t h e  new v a l u e s  of t and t a  
1 2 ' 
new p s e u d o - s t e a d y - s t a t e  i s  o b t a i n e d  a s  p r e v i o u s l y  d e s c r i b e d .  Th is  pro-  
c e d u r e  is  r e p e a t e d  u n t i l  no f u r t h e r  i n c r e a s e  i n  M i s  ach ieved  by 
v a r y i n g  t and t T h i s  i s  t h e  optimum pseudo-s teady-s ta te .  The fi- 
1 2 ' 
n a l  v a l u e s  of t and t a l o n g  w i t h  t h e  upper and lower bounds on t h e  
1 2 
c o n t r o l  v a r i a b l e  f u l l y  d e s c r i b e  t h e  op t imal  c o n t r o l  p o l i c y  a s  d e t e r -  
mined by t h e  Pon t ryag in  Maximum P r i n c i p l e .  By u s i n g  t h i s  t e c h n i q u e  
i n  a  computer-aided s t u d y ,  L i n  (32) sugges ted  t h a t  i n c r e a s e s  i n  t h e  
y i e l d  of product  B ( s t a t e  v a r i a b l e  x ) of t h e  o r d e r  o f  5%-10% could b e  2 
o b t a i n e d  ( a t  t h e  expense  o f  p roduc t  C )  by p e r i o d i c  o p e r a t i o n  of t h i s  
t y p e  ; however, no exper imenta l  work was per formed i n  s u p p o r t  of t h e s e  
r e s u l t s .  
Numerical Solution 
The numerical  i n t e g r a t i o n  t e c h n i q u e  used i n  f i n d i n g  t h e  optimum 
p s e u d o - s t e a d y - s t a t e  f o r  t h i s  sys tem of p a r a l l e l  r e a c t i o n s  (Equa t ions  
(4.1) and (4 .2)  i s  performed w i t h o u t  t h e  usage  of t h e  Pon t ryag in  Max- 
imum P r i n c i p l e  and ,  a s  a  r e s u l t ,  i s  somewhat e a s i e r  t o  use .  The r e a -  
s o n  f o r  i t s  u s e  w i l l  become a p p a r e n t  L a t e r .  
I n  t h e  c o n v e n t i o n a l  s t e a d y - s t a t e  o p e r a t i o n  of t h i s  system of 
r e a c t i o n s  i n  a CSTR, t h e  v a l u e  o f  t h e  c o n t r o l  v a r i a b l e  y  remains con- 
s t a n t .  Thus f o r  each v a l u e  o f  y  t h e r e  i s  a  cor responding  v a l u e  of x 
2 ' 
The con t inuous  c u r v e  drawn through t h i s  l o c u s  of p o i n t s  ( s e e  bottom 
c u r v e  of F i g u r e  3 )  e x h i b i t s  a  maximum ( f o r  0.5<p<l) which i s  t h e  op- 
t imum s t e a d y - s t a t e  f o r  c o n v e n t i o n a l  o p e r a t i o n .  No f u r t h e r  i n c r e a s e  
i n  x can be ach ieved  by t h e  s i m p l e  v a r i a t i o n  of t h e  parameter  y t o  
2 
a  new s t e a d y - s t a t e  v a l u e .  P e r i o d i c  o p e r a t i o n  y i e l d s  t h e  fami ly  of 
c u r v e s  above t h e  s t e a d y - s t a t e  curve.  S i n c e  t h e  c o n t r o l  v a r i a b l e  i s  
c o n s t a n t  a t  e i t h e r  t h e  upper o r  lower bound d u r i n g  t h e  e n t i r e  p e r i o d ,  
Equa t ion  (4.22) t h e n  reduces  t o :  
where t i s  t h e  l e n g t h  of t ime (d imens ion less )  d u r i n g  which t h e  c o n t r o l  
1 
v a r i a b l e  i s  a t  t h e  upper l i m i t  and t i s  t h e  t ime  d u r i n g  which i t  i s  
2 
a t  t h e  lower l i m i t .  I f  we d e f i n e  @ = t /T  ( o r  t h e  f r a c t i o n  of t h e  
2  
p e r i o d  d u r i n g  which t h e  c o n t r o l  v a r i a b l e  i s  a t  i t s  lower l i m i t ) ,  t h e n  
- 
f i x i n g  v a l u e s  of ~ , @ , y  and y de te rmines  t h e  v a l u e  o f  y  by Equa t ion  
4, u  
( 4 . 3 5 ) ,  which i s  o b t a i n e d  from Equat ion (4 .34) :  
The fami ly  of c u r v e s  f o r  p e r i o d i c  o p e r a t i o n  a r e  a  f u n c t i o n  t h e n  of 0 
a t  a  g iven ,  c o n s t a n t  v a l u e  of y  As can be  s e e n  from F i g u r e  3 ,  t h e  
4,' 
- 
v a l u e  of x i n c r e a s e  a s  @ i n c r e a s e s  f o r  a g i v e n  v a l u e  of y.  The phy- 2 
s  i c a l  r e a s o n  f o r  t h i s  i s  t h a t  as @ becomes l a r g e r  (and approaches  1.0) , 
t h e  upper l i m i t ,  
Yu,  
i s  g e t t i n g  v e r y  l a r g e  i n  o rder  t o  m a i n t a i n  a  con- 
s t a n t  v a l u e  of y. F i g u r e  4  (which i s  a  p l o t  of k v s  k f o r  a  v a l u e  
2 1 
of p l e s s  t h a n  one) w i l l  h e l p  e l u c i d a t e  t h e  e f f e c t  o f  a n  i n c r e a s e  i n  y . 
U 
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Figure 3. Dimensionless Concentration as a Function of the Time- 
Averaged Control Variable 
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Figure  4. P l o t  of k versus  k f o r  p < l  
2 1 
The s o l i d  curved l i n e  i s  t h e  locus of va lues  of k and k a s  a  func t ion  
1 2 
of temperature.  The d i r e c t i o n  of i nc reas ing  y  i s  shown above t h e  curve.  
The do t t ed  curves a r e  obtained by so lv ing  equat ions (4.15)-(4.17) f o r  
k i n  terms of k and x2 and r ep resen t  curves of cons tan t  x The 
2 1 2 ' 
arrow i n d i c a t e s  i nc reas ing  va lues  of x The optimum convent ional-  2 ' 
s t e a d y - s t a t e  i s  l oca t ed  a t  a  va lue  of x whose do t t ed  curve i s  tangent  2 
t o  t h e  s o l i d  curve (poin t  a) s i n c e  only po in t s  on t h e  s o l i d  curve a r e  
phys i ca l ly  a t t a i n a b l e .  The very f a s t  swi tch ing  from a  high va lue  of 
t h e  con t ro l  v a r i a b l e  (y ) t o  a l o w  va lue  (y ) prevents  t he  system 
u G 
from following i t s  normal path down t h e  s o l i d  curve and t h e  dashed 
l i n e  jo in ing  poin ts  y  and y  shows t h e  pseudo-s teady-s ta te  t h a t  re- 
& U 
s u l t s .  As can be seen ,  t h e  do t t ed  l i n e  (x ;k;'c) which i s  tangent  t o  2 
t h e  pseudo-steady-state  l i n e  a t  po in t  b r ep re sen t s  a  higher  va lue  of 
X2 
than the optimum conventional-steady-state. Also the higher the 
value of y , the larger the value of x attained. 
u 2 
In order to compare periodic operation with conventional-steady- 
state operation, one should make the comparison for the same value of 
- 
y. As can be seen from Figure 3, the optimum conventional-steady-state 
- - 
occurs at y = 0.149 and x = 0.0846. The remaining curves represent 
2 
periodic operation with a value of y = 0.049, and converge to the 
6 - 
conventional-steady-state curve at this value of y. This is reason- 
able, since a value of below the lower limit has no physical meaning. 
As the lower limit is increased, the family of periodic curves is shifted 
to the right and always converges to the value of the lower limit on 
the conventional-steady-state curve. In comparison, periodic operation 
at a value of @ = 0.9 and y = 0.149 yields x = 0.0940 which represents 2 
a 11.1% increase in yield above the optimum conventional-steady-state 
value. It should be noted, however, that physical constraints on the 
upper limit of the control variable might preclude actual increases or 
this magnitude. 
Since no experimental work has been done in this area, a chemi- 
cal reaction system of the form A + B -, C + D, A + E -, F + G was se- 
lected and operated periodically in order to compare actual pseudo- 
steady-state values with those predicted by the numerical solution. 
The equations for this system are slightly different and are given in 
~ h e  next section. 
Parallel Reactions of the Form A+B C+D, A+E -, F+G 
Since most of the theory discussed in the previous section also 
a p p l i e s  t o  the system of r eac t ions  shown below, only the  p e r t i n e n t  d i f -  
fe  rences w i l l  be discussed.  
The system examined i n  the  p re sen t  work i s  descr ibed  by Equa- 
t i o n s  (4.36) and (4.37) : 
Where r eac t ion  (4.36) i s  second-order o v e r a l l  and r eac t ion  (4.37) i s  
configured t o  be pseudo- f i r s t -o rde r  wi th  r e spec t  t o  A. The energy and 
m a t e r i a l  balances around a  CSTR i n  which these  r eac t ions  a r e  occurr ing  
a r e  given by Equations (4.38) - (4.40) : 
UOAO(T - Ta) 
- =  dT q/lOOOp C V + QF(To - T ) / V  - 
d t '  4, P (4.40) (1000) cp P*V 
Again, these equat ions  can be s imp l i f i ed  by the in t roduc t ion  of the  
fol lowing dimensionless s t a t e  and con t ro l  v a r i a b l e s ,  and the s t o i c h i o -  
me t r i c  r e l a t i o n s h i p s :  - - C and CF - 
'B - 'I30 C CA0 - C* - Cc: 
Rearrangement and substitution of these quantities into Equations ( 4 . 3 8 ) -  
(4.40) yields the system of equations in state-variable form as shown: 
This system of equat ions  can then be u t i l i z e d  t o  ob ta in  optimum pseudo- 
s t eady- s t a t e s  by e i t h e r  (1) the Pontryagin Maximum P r i n c i p l e  o r  (2) 
the numerical methods presented  i n  t he  preceding s e c t i o n .  
Optimization by the Pontryagin Maximum P r i n c i p l e  
There i s  a unique d i f f e r e n c e  between t h i s  system of r eac t ions  
and the  system presented previous ly .  I n  the  e a r l i e r  system, i t  could 
be shown t h a t  the y i e l d  of the r e a c t i o n  which had the  h igher  a c t i v a t i o n  
energy exh ib i t ed  a maximum (o r  optimum value  f o r  t h e  s t a t e  v a r i a b l e  x, 
L 
when p w a s  w i t h i n  the  s p e c i f i e d  range) .  In  a d d i t i o n ,  t he  y i e l d  of t he  
r eac t ion  wi th  the  lower a c t i v a t i o n  energy ( the  f i r s t - o r d e r  r e a c t i o n )  
increased monotonically wi th  y.  Analysis  by cons t ruc t ion  of a f i g u r e  
s i m i l a r  t o  Figure 4 f o r  product C i n  Equation (4.2) showed t h a t  i t s  
y i e l d  would only be decreased by pe r iod ic  opera t ion .  It  appeared then ,  
t h a t  pe r iod ic  switching of the  h e a t  f l u x  t o  o r  from the r e a c t o r  would 
a i d  the  r eac t ion  wi th  the  h ighes t  a c t i v a t i o n  energy. I m p l i c i t  d i f f e r -  
e n t i a t i o n  of Equations (4.53) - (4.55) r e s u l t e d  i n  the fol lowing condi- 
dx 
0: t i o n s  f o r  - = 
dy 
which d i f f e r s  from Equation (4.26) i n  t h a t  i t  conta ins  the term p, and 
not  2 p .  This d i f f e r e n c e  r e s u l t s  from the f a c t  t h a t ,  a l though r e a c t i o n  
(4.36) i s  second-order o v e r a l l ,  i t  i s  only f i r s t - o r d e r  w i t h  r e spec t  t o  
the spec i e s  r e a c t i n g  i n  both r eac t ions  ( A ) .  Equation (4.56) thus has 
meaning only f o r :  
The system of r eac t ions  chosen f o r  experimental  work obeyed Equation 
(4.57) ,  and the re fo re  t he  s t a t e  v a r i a b l e  x (C /C  ) w i l l  have a  maxi- 2 C A 0  
mum, and the s t a t e  v a r i a b l e  x w i l l  i nc rease  monotonically wi th  y. 4  
I n t u i t i o n  would s t i l l  lead  us  t o  be l i eve  t h a t  i t  i s  x  ( the  product 4 
of the  r eac t ion  wi th  the h igher  a c t i v a t i o n  energy) t h a t  could be i m -  
proved by cyc l ing ;  but i n  t h i s  c a s e ,  the p o s s i b i l i t y  of b e t t e r i n g  the 
optimum s t e a d y - s t a t e ,  which would then be a l o c a l  optimum r a t h e r  than 
a  g loba l  optimum, would be i n  doubt. Construct ion of a  diagram simi- 
l a r  t o  Figure 4 f o r  t h i s  system of r eac t ions  ( p  > 1 )  y ie lded  Figure 5. 
A s  can be seen from t h i s  f i g u r e ,  the system has no optimum (no do t t ed  
l i n e  tangent  t o  the s o l i d  l i n e ) ,  bu t  pe r iod ic  opera t ion  should r e s u l t  
i n  h igher  y i e l d s  of x ( a t  the expense of x ) .  
4 2 
Therefore,  the Maximum P r i n c i p l e  was appl ied  t o  t h i s  system of 
r eac t ions  i n  an e f f o r t  t o  optimize the va lue  of x  Rather than de- 
4' 
termining the optimal va lues  of t and t the Maximum P r i n c i p l e  p r e  - 1 2 ' 
d i c t e d  the optimal con t ro l  t o  be s t e a d y - s t a t e  c o n t r o l  a t  the upper 
l i m i t .  This occurred a s  a  r e s u l t  of the absence of a g loba l  o2timum 
kl 
Figure 5. P l o t  of k  versus  kl f o r  p>l 2 
between the two l i m i t s y  a n d y  Thus the p r o c e d u r e u s i n g t h e M a x i -  
u  4, 
mum P r i n c i p l e  was n o t  e f f e c t i v e  i n  the absence of a g loba l  optimum; and 
consequently,  the numerical technique previous ly  descr ibed  was used t o  
p r e d i c t  the r e s u l t s  of pe r iod ic  operat ion.  
Numerical Solu t ion  
Given a s e t  of r e a c t o r  condi t ions  (flow r a t e ,  r e a c t o r  vo lume ,  
e t c . ) ,  the  convent iona l -s teady-s ta te  va lue  of x as a func t ion  of the 
4  
c o n t r o l  v a r i a b l e  y can be determined from Equations ( 4 . 5 3 ) - ( 4 . 5 5 ) ,  
us ing  a  mu l t i -va r i ab l e  search  technique such a s  ~ e w t o n ' s  Method (18) i n  
t h ree  v a r i a b l e s .  The r e s u l t s  a r e  the locus of p o i n t s  forming the  bottom 
curve of Figure 6 (qF0) .  A p l o t  l i k e  t h i s  could be cons t ruc ted  f o r  
every va lue  of 7 ;  however, f o r  values of 7 below approximately 1.0 
( length  of t he  cyc le  corresponds t o  t he  res idence  t ime),  there i s  no 
p r a c t i c a l  d i f f e r e n c e  i n  t h e  curves f o r  pe r iod ic  opera t ion .  A s  before ,  
F i g u r e  6. E f f e c t  of  P e r i o d i c  V a r i a t i o n  of H e a t  Flux on x 
4 
- 
s p e c i f i c a t i o n  o f  y  , y ,  T and I$ a l l o w s  c o n s t r u c t i o n  of t h e  f a m i l y  o f  
c u r v e s  above t h e  c o n v e n t i o n a l - s t e a d y - s t a t e  c u r v e .  C l e a r l y ,  t h e r e  r e -  
s u l t s  improvement from p e r i o d i c  o p e r a t i o n ,  and i t  i s  t h e  purpose  of 
t h i s  work t o  compare t h e  p r e d i c t e d  r e s u l t s  of  p e r i o d i c  r e a c t o r  o p e r a t i o n  
w i t h  exper imen ta l  d a t a  o b t a i n e d  from t h e  p e r i o d i c  o p e r a t i o n  o f  a  l a b o r -  
a t o r y  r e a c t o r .  
CHAPTER V 
EXPERIMENTAL APPARATUS 
I n  o r d e r  t o  p e r f o r m  t h e  e x p e r i m e n t a l  p h a s e  o f  t h i s  work ,  a  
c o n t i n u o u s - f l o w ,  s t i r r e d  t a n k  r e a c t o r  s y s t e m  was c o n s t r u c t e d .  P a r t i -  
c u l a r  e f f o r t  was expended  t o  k e e p  t h e  s y s t e m  a s  s i m p l e  y e t  a s  f l e x i b l e  
a s  p o s s i b l e ,  s o  t h a t  f u t u r e  work c o u l d  b e  pe r fo rmed  u s i n g  t h e  same 
equ ipmen t .  A d i a g r a m  o f  t h e  r e a c t o r  s y s t e m  i s  shown i n  F i g u r e  7 ;  
F i g u r e s  8 and  9 g i v e  o t h e r  v i ews  o f  t h e  e x p e r i m e n t a l  r e a c t o r  s y s t e m .  
A s  c a n  b e  s e e n  f rom F i g u r e  7 ,  t h e  r e a c t a n t s  were  g r a v i t y  f e d  t o  con-  
s t a n t - h e a d  f l o w  c o n t r o l l e r s .  T h e s e  c o n t r o l l e r s  we re  manual  o v e r f l o w  
d e v i c e s  which s u p p l i e d  s t a b i l i z e d  f l o w s  o f  r e a c t a n t s  t o  a n  a s s e m b l y  of  
r o t a m e t e r s .  The r o t a m e t e r s  we re  u s e d  t o  m o n i t o r  t h e  f l o w s  o f  r e a c t a n t s  
t o  t h e  r e a c t o r  t h r o u g h  t h e  p r i m a r y  c o o l i n g  c o i l s .  The r e a c t o r  i t s e l f  
was a  s i m p l e  CSTR w i t h  a n  e l e c t r i c a l  h e a t i n g  e l e m e n t ,  t h e r m o c o u p l e  and 
a n  e l e c t r i c  s t i r r e r  d r i v e n  by a n  e x p l o s i o n - p r o o f  m o t o r .  The  r e a c t i o n s  
were  quenched  c h e m i c a l l y  w i t h  a c i d  i n  a s t i r r e d - b e a k e r  s amp le  c o l l e c t i o n  
s y s t e m .  The m a j o r  components  of  t h e  r e a c t o r  s y s t e m  a r e  d e s c r i b e d  i n  
more d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n s .  
R e a c t a n t  S t o r a g e  Tanks  
The r e a c t a n t  s t o r a g e  t a n k s  we re  t h r e e  f i v e - g a l l o n  p o l y e t h y l e n e  
b o t t l e s .  E a c h  b o t t l e  was e q u i p p e d  w i t h  a s p i g o t  which  was u s e d  a s  t h e  
ma in  v a l v e  f o r  c o n t r o l l i n g  r e a c t a n t  f l o w  f rom t h e  s t o r a g e  v e s s e l s .  The  
s t o r a g e  t a n k s  c o n t a i n i n g  t h e  e s t e r  s o l u t i o n s  we re  v e n t e d  d i r e c t l y  t o  
i l l  
Table 1 .  Identification of ~ x ~ e r i m e n t a l  Apparatus Components 
Par t  No. Descript ion 
1 methyl a c e t a t e  s torage  tank 
2 sodium hydroxide storage tank 
3 e t h y l  benzoate storage tank 
4-6 constant  head flow c o n t r o l l e r s  
7-9 reactant  overflow tanks 
10-12 reactant  rotameters 
13 reac tan t  ( primary ) cooling c o i l s  
14 constant temperature bath 
1 5  C STR 
16 f l e x i b l e  tubing pump 
17 e l e c t r i c a l  r e lay  
18 cycle timer 
19 constant  voltage transformer 
Figure  8. Overa l l  View of  t h e  Ex~~er. i rnental  Heactor System 
Figure 9. Photograph o f  Experimental CSTR and Reactant  Coolinc Unit 
thc  a tmosphere ,  a n d  t h e  tank c o n t a i n i n g  t h e  sodium hydrox ide  s o l u t i o n  
was ven ted  through a  tube  c o n t a i n i n g  "Ascar i t e"  t o  p r e v e n t  contamina- 
t i o n  by CO T h e  r e a c t a n t  s t o r a g e  t a n k s  were l o c a t e d  on a  h i g h  p l a t -  
2' 
form, w e l l  above a l l  o t h e r  equipment,  s o  t h a t  t h e  r e a c t a n t  s o l u t i o n s  
cou ld  be  g r a v i t y  fed  
Constant  Head Flow C o n t r o l l e r s  
The r e a c t a n t  s t o r a g e  t a n k s  were connected t o  t h e  cons tan t -head  
f low c o n t r o l l e r s  w i t h  1/4" O . D .  p o l y e t h y l e n e  t u b i n g .  The f low con- 
t r o l l e r s  ( s e e  F i g u r e  10) used a n  over f low p r i n c i p l e  t o  supp ly  r e a c t a n t  
s o l u t i o n  t o  t h e  r o t a m e t e r s ,  t h e r e b y  e l i m i n a t i n g  f l u c t u a t i o n s  i n  t h e  
f low r a t e  of r e a c t a n t  t o  t h e  CSTR, which would b e  caused by a  changing 
l i q u i d  l e v e l  i n  t h e  r e a c t a n t  s t o r a g e  t a n k s .  
F i g u r e  10. C o n s t a n t  Head Flow C o n t r o l l e r  
Overflow r e a c t a n t  s o l u t i o n  from t h e  c e n t e r  tube  f lowed by g r a v i t y  t o  
t h r e e  2 .5 -ga l lon  g l a s s  r e c e i v i n g  b o t t l e s .  From t h e r e  t h e  s o l u t i o n s  
were r e t u r n e d  t o  t h e  r e a c t a n t  s t o r a g e  t a n k s  by means o f  a  Sigmotor  f l e x -  
i b l e  t u b i n g  pump d r i v e n  by a  Genera l  E l e c t r i c  1 / 3  HP motor and equipped 
w i t h  a  v a r i a b l e  speed r e d u c e r .  
Rotameters  
The r o t a m e t e r s  used t o  c o n t r o l  r e a c t a n t  f low r a t e  were mounted 
i n  a s i n g l e  u n i t  (Matheson No. 642 PSV) and equipped w i t h  150mrn t u b e s  
(Matheson No. 603) .  Needle  v a l v e s  a t  t h e  e n t r a n c e  t o  each tube  a l lowed  
f i n e  a d j u s t m e n t s  t o  be  made i n  f low r a t e .  A c a l i b r a t i o n  cu rve  f o r  a  
70% aqueous -ace tone  s o l u t i o n  was c o n s t r u c t e d  u s i n g  a n  ace tone-wa te r  
m i x t u r e  o n l y  and i s  p r e s e n t e d  i n  Appendix C. The s o l u t i o n  used f o r  
c a l i b r a t i o n  d i d  n o t  c o n t a i n  e s t e r  o r  sodium hydrox ide ;  because  t h e  r e -  
a c t a n t  s o l u t i o n s  were r e l a t i v e l y  d i l u t e ,  ( e . g . ,  <0.60 gmole/& o r  0.06 
gmole/&),  i t  was assumed t h a t  t h e  smal l  amount o f  r e a c t a n t  p r e s e n t  d i d  
n o t  a f f e c t  t h e  f low c h a r a c t e r i s t i c s .  I n  a d d i t i o n ,  o n l y  one c a l i b r a t i o n  
c u r v e  was c o n s t r u c t e d ,  because  t h e  r o t a m e t e r  t u b e s  a s  r e c e i v e d  from 
Matheson were assumed t o  be i d e n t i c a l .  
R e a c t a n t  (Primary) Cool ing C o i l s  
E x p e r i m e n t a l l y ,  t h e  maximum a l l o w a b l e  o p e r a t i n g  t e m p e r a t u r e  o f  
t h e  r e a c t o r  was t h e  b o i l i n g  p o i n t  of  t h e  r e a c t a n t  s o l u t i o n ,  which i s  
lower t h a n  t h a t  of p u r e  w a t e r .  To have r e s t r i c t e d  o p e r a t i o n  o f  t h e  
r e a c t o r  from ambient  t e m p e r a t u r e  (-25'~) t o  t h i s  upper  bound would t h e n  
have s e r i o u s l y  reduced t h e  measurable  e f f e c t s  o f  p e r i o d i c  o p e r a t i o n .  
S i n c e  t h e  s e r i e s  o f  s i m u l a t e d  p s e u d o - s t e a d y - s t a t e  c u r v e s  emanated f rom 
a g i v e n  lower l i m i t ,  i t  was d e c i d e d  t h a t  t h e  r e a c t a n t  s t r e a m s  s h o u l d  
b e  c o o l e d  be low ambient  t e m p e r a t u r e .  The d e g r e e  o f  c o o l i n g  de t e rmined  
t h e  amount o f  m e a s u r a b l e  e f f e c t  a n d ,  i n  o r d e r  t o  b e t t e r  o b s e r v e  t h e  
e f f e c t s  o f  p e r i o d i c  r e a c t o r  o p e r a t i o n ,  t h e  r e a c t a n t  s t r e a m s  were  c o o l e d  
t o  a p p r o x i m a t e l y  - 1 0 ' ~ .  Each o f  t h e  t h r e e  r e a c t a n t  s t r e a m s ,  a f t e r  
f l o w i n g  th rough  t h e  r o t a m e t e r  t u b e s ,  p a s s e d  th rough  i n d i v i d u a l  t e n  f o o t  
coppe r  c o i l s  i n  t h e  h e a t  exchange r .  A m i x t u r e  o f  50% e t h y l e n e  g l y c o l  
and 50% w a t e r  was pumped th rough  t h e  s h e l l  s i d e  o f  t h e  exchange r  by 
a  s u b m e r s i b l e  pump l o c a t e d  i n  a  c o n s t a n t  t e m p e r a t u r e  b a t h  (Model 66595,  
P r e c i s i o n  S c i e n t i f i c  Co.) which k e p t  t h e  c o o l a n t  a t  - 1 6 ' ~ .  The holdup 
volume of  t h e  c o n s t a n t  t e m p e r a t u r e  b a t h  was f i f t e e n  g a l l o n s  compared t o  
t h e  1 . 5  g a l l o n  ho ldup  o f  t h e  h e a t  exchange r .  The t e m p e r a t u r e  o f  e a c h  
o f  t h e  r e a c t a n t  s t r e a m s  was m o n i t o r e d  by a  c o p p e r - c o n s t a n t a n  thermo- 
c o u p l e  i n  each  o f  t h e  e x i t  l i n e s  o f  t h e  exchange r .  A l l  l i n e s  and f i t -  
t i n g s  be tween t h e  h e a t  exchange r  and t h e  r e a c t o r  were  made o f  p o l y -  
e t h y l e n e  o r  n y l o n  and  su r rounded  by g l a s s  wool t o  min imize  h e a t  t r a n s -  
f e r  be tween t h e  l i n e s  and t h e  s u r r o u n d i n g s .  
Con t inuous  Flow S t i r r e d  Tank R e a c t o r  
The CSTR was c o n s t r u c t e d  f rom a  c y l i n d r i c a l  g l a s s  j a r  (Pyrex)  
a .pp rox ima te ly  n i n e  i n c h e s  h i g h  and s i x  i n c h e s  i n  d i a m e t e r .  The j a r ,  
p u r c h a s e d  from W i l l  S c i e n t i f i c  Compa.ny ( W i l l  C a t a l o g ,  No. D-17156), 
was m o d i f i e d  by a.dding a 518" t h i c k - w a l l e d  s i d e  arm n e a r  t h e  bo t tom o f  
t h e  r e a c t o r  t o  f a c i l i t a t e  c o n t i n u o u s  o p e r a t i o n .  The v a r i o u s  component 
p a r t s  o f  t h e  r e a c t o r  i n c l u d e d :  (1)  a  r e a c t o r  c o v e r  w i t h  a s s o c i a t e d  
f i t t i n g s ;  (2 )  t he rmocoup le ;  (3 )  h e a t i n g  e l emen t  i n t e r f a c e d  w i t h  a 
c y c l e  t i m e r  and o t h e r  n e c e s s a r y  e l e c t r i c a l  equ ipmen t ;  (4 )  t h r e e  b l a d e  
i m p e l l e r  d r i v e n  by a n  e x p l o s i o n  p roo f  e l e c t r i c  mo to r ;  (5)  o v e r f l o w  arm 
t o  m a i n t a i n  c o n s t a n t  r e a c t i o n  volume. The r e a c t o r  was wrapped w i t h  one  
i n c h  f i b e r g l a s s  i n s u l a t i o n  t o  r e d u c e  h e a t  l o s s .  A pho tograph  o f  t h e  
r e a c t o r  i s  shown i n  F i g u r e  11, and a  more d e t a i l e d  d e s c r i p t i o n  o f  t h e  
r e a c t o r  components  i s  g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n s .  
R e a c t o r  Cover 
The r e a c t o r  c o v e r  was made o f  aluminum and was a p p r o x i m a t e l y  
1 112 i n c h e s  t h i c k .  I t  c o n t a i n e d  two h o l e s  f o r  t h e  e l e c t r i c a l  l e a d s  
t o  t h e  h e a t i n g  e l e m e n t ,  t h r e e  h o l e s  d r i l l e d  and t a p p e d  w i t h  1 /8 -27  NPT 
t h r e a d s  t o  accommodate 400-1-2-316 Swagelok ma le  c o n n e c t o r s  ( f o r  t h e  
incoming r e a c t a n t  l i n e s ) ,  and one  h o l e  d r i l l e d  and t a p p e d  w i t h  1 / 8 - 2 7  
NPT t h r e a d s  t o  accommodate a  f i t t i n g  (Omega E n g i n e e r i n g  C a t a l o g u e  No. 
BRLK-316) used  t o  f i x  t h e  r e a c t o r  thermocouple  i n  p l a c e .  
Thermocouple 
Dur ing  p e r i o d i c  o p e r a t i o n ,  u n l i k e  c o n v e n t i o n a l  s t e a d y - s t a t e  
o p e r a t i o n ,  t h e  t e m p e r a t u r e  o f  t h e  r e a c t o r  c o n t e n t s  p u r p o s e f u l l y  v a r i e s  
p e r i o d i c a l l y  a s  a  f u n c t i o n  o f  t i m e .  I n  o r d e r  t o  o b s e r v e  t h i s  tempera-  
t u r e  v a r i a t i o n ,  a  c o p p e r - c o n s t a n t a n  the rmocoup le  (Omega E n g i n e e r i n g )  
was i n s t a l l e d  i n  t h e  r e a c t o r .  C o p p e r - c o n s t a n t a n  was chosen  b e c a u s e  o f  
0 0  i t s  good r e s p o n s e  i n  t h e  t e m p e r a t u r e  r a n g e  o f  i n t e r e s t  (-20 C t o  45 C ) .  
The thermocouple  w i r e  was i n s u l a t e d  w i t h  a  T e f l o n  c o a t i n g  and s h i e l d e d  
w i t h  a  two-hole  ce ramic  i n s u l a t o r .  The i n s u l a t o r  was c o n t a i n e d  i n  a  
f i n e  gauge  s t a i n l e s s  s t e e l  t u b e  (3116" O . D . )  w i t h i n  t h e  r e a c t o r .  The 
the rmocoup le  j u n c t i o n  i t s e l f  was l e f t  u n s h i e l d e d  f o r  f a s t e r  r e s p o n s e .  
Figure 11. Photograph of Experimental CSTR 
The s t a i n l e s s  s t e e l  t u b e  was mounted on t h e  r e a c t o r  c o v e r  ( s e e  F i g u r e  
11) a s  p r e v i o u s l y  d e s c r i b e d  a n d  was c a p a b l e  o f  t r a v e r s i n g  t h e  e n t i r e  
h e i g h t  o f  t h e  r e a c t o r  t o  d e t e c t  t h e  e x i s t e n c e  of  any  l o c a l  t e m p e r a t u r e  
g r a d i e n t s .  The coppe r  and c o n s t a n t a n  l e a d s  from t h e  the rmocup le  were  
c o n n e c t e d  t o  a  t e r m i n a l  s t r i p  immersed i n  a n  i c e - w a t e r  b a t h .  Copper 
l e a d s  t h e n  j o i n e d  t h e  t e r m i n a l  s t r i p  t o  a  Honeywell  E l e c t r o n i k  194 
m i l l i v o l t  r e c o r d e r  which had  a n  a d j u s t a b l e  m i l l i v o l t  s p a n  and was 
c a l i b r a t e d  w i t h  a  p o t e n t i o m e t e r .  The t e m p e r a t u r e  of  t h e  r e a c t o r  con- 
t e n t s  was t h e n  fo l lowed  ( t o  t h e  n e a r e s t  d e g r e e )  a s  a f u n c t i o n  o f  t i m e ,  
and  t h e  a t t a i n m e n t  o f  t he rma l  p s e u d o - s t e a d y - s t a t e  was d e t e r m i n e d  by 
t h e  t e m p e r a t u r e  p r o f i l e ;  t h a t  i s ,  when t h e  t e m p e r a t u r e  o f  t h e  r e a c t o r  
c o n t e n t s  was t h e  same a t  t h e  b e g i n n i n g  and t h e  end o f  a  c y c l e  ( o r  
p e r i o d ) ,  t he rma l  p s e u d o - s t e a d y - s t a t e  was assumed t o  have  been  e s t a b -  
l i s h e d .  
H e a t i n g  Element 
P e r i o d i c  r e a c t o r  o p e r a t i o n  ( o r  more s p e c i f i c a l l y ,  p e r i o d i c  v a r i -  
a t i o n  o f  t h e  h e a t  f l u x  t o  t h e  r e a c t o r )  was a c h i e v e d  by p l a c i n g  a cy-  
c l i c a l l y  a c t u a t e d  h e a t i n g  e l emen t  i n  t h e  r e a c t o r .  The h e a t i n g  e l e m e n t  
was made o f  Nichrome m e t a l  s t r i p p i n g  which was c o r r u g a t e d  i n  o r d e r  t o  
t a k e  up  l e s s  s p a c e .  The e l e m e n t  was mounted on  a non-conduc to r  f rame 
i n  h e l i c a l  f a s h i o n  a s  shown i n  F i g u r e  1 2 .  One e i g h t h  i n c h  s t a i n l e s s  
s t e e l  r o d s  were  t h r e a d e d  and  u s e d  a s  b i n d i n g  p o s t s  f o r  t h e  e l e c t r i c a l  
c o n n e c t i o n s .  The s u p p o r t  f rame a l s o  s e r v e d  a s  a b a f f l e  sys t em t o  p r o -  
mote mix ing  o f  t h e  r e a c t o r  c o n t e n t s .  The e l e c t r i c a l  l e a d s  f rom t h e  
b i n d i n g  p o s t s  were  o f  No. 1 0  coppe r  wire and were  connec ted  t o  a n  
e l e c t r i c a l  r e l a y .  The r e l a y  was a c t i v a t e d  and d e a c t i v a t e d  upon demand 
Figure  12. Exper imental  Heat ing Element 
by an Eagle "Flexopulse" cycle timer(mode1 HG94) which interrupted the 
flow of current to the heating element for a pre-selected of 
time. The period of variation of the heat flux was determined prior 
to operation of the reactor system, and the amounts of "on time" and 
"off time" were manually set on the face of the timer. The on-off cy- 
cle was then repeated automatically by the timer for as long as de- 
sired without further adjustment. 
Since the heat flux generated by the heating element was pro- 
portional to the power output, it was necessary to have a stable, ad- 
justable power supply. The normal 110-volt power supply in the labor- 
atory was subject to severe fluctuations which could cause errors in 
the experimental work. Thus, a constant-voltage transformer (2KVA, 
Sola No. 20-25-220) was installed to insure a constant voltage supply 
to the heating element. A variable transformer (Powerstat Type 126u) 
was placed between the constant voltage transformer and the relay so 
that the voltage could be adjusted to vary the power. Current to the 
heating element was monitored by a Triplett ammeter (0-30 amperes) and 
a GE precision ammeter (0-5 amperes). Voltage to the heating element 
was monitored with a GE precision voltmeter and a Honeywell digital 
voltmeter. . 
Electric Stirrer 
The reactor contents were mixed with a stainless steel impeller 
with three blades. The impeller was driven by a variable speed, spark- 
proof, electric motor. Baffles in the reactor aided in complete mixing 
and prevented vorticity. A study (see Chapter VIII) was made to deter- 
mine t h e  mix ing  e f f e c t i v e n e s s  o f  t h e  i m p e l l e r  and t h e  r e s u l t s  were com- 
p a r e d  t o  a n  i d e a l  m i x i n g  model. The mix ing  e f f i c i e n c y  o f  t h e  i m p e l l e r  
was found t o  be  e x c e l l e n t .  
Overf low System 
A s i m p l e  o v e r f l o w  s y s t e m  was i n s t a l l e d  t o  m a i n t a . i n  a  c o n s t a n t  
volume o f  l i q u i d  i n  t h e  r e a . c t o r .  The o v e r f l o w  arm ( s e e  F i g u r e  9) w a s  
a d j u s t a b l e  v e r t i c a l l y  s o  t h a t  t h e  r e a c t o r  volume c o u l d  be changed i f  
d e s i r e d .  A s i g h t g l a s s  was i n s t a l l e d  and c a l i b r a t e d  t o  i n d i c a t e  t h e  
r e a c t o r  volume. 
Sample Sys tem 
The r e a c t o r  e f f l u e n t  c o u l d  e i t h e r  b e  d i v e r t e d  t o  wa.ste c o n t a i n e r s  
o r  t o  a  sample r e c e i v e r .  T h i s  l a t t e r  v e s s e l  was a  2000-ml b e a k e r  sup- 
p o r t e d  on  a m a g n e t i c  s t i r r e r  and  equ ipped  w i t h  a  T e f l o n  c o a t e d  s t i r r i n g  
r o d .  P r i o r  t o  r e a c t o r  s t a r t u p ,  t h e  b e a k e r ,  s t i r r e r  and a  known volume 
o f  s t a n d a r d  h y d r o c h l o r i c  a c i d  s o l u t i o n  were  weighed.  A f t e r  a  sample  was 
t a k e n ,  t h e  b e a k e r  and c o n t e n t s  were  a g a i n  weighed.  The d i f f e r e n c e  be-  
tween t h e  i n i t i a l  and f i n a l  w e i g h t s  was t h e  w e i g h t  o f  t h e  sample .  The 
sample ,  h a v i n g  been  c h e m i c a l l y  quenched,  was t h e n  a l l o w e d  t o  a t t a i n  
room t e m p e r a t u r e  and t h e  volume o f  sample  c o l l e c t e d  was c a l c u l a . t e d  f rom 
t h e  d e n s i t y  a t  room t e m p e r a t u r e  o f  t h e  m i x t u r e  ( s e e  C h a p t e r  VIII) and 
t h e  sample  w e i g h t .  
Gas Chroma t o g r a p h  
A f t e r  chemica l  quench ing ,  t h e  samples  were  p a r t i a l l y  a n a l y z e d  
u s i n g  a  Pe rk in -E lmer  Model 810  Gas Chromatograph.  The chromatograph 
c o n t a i n e d  two o n e - e i g h t h  i n c h  O D ,  s t a i n l e s s  s t e e l  columns each  s i x  f e e t  
in length packed with Porapak Q. Nitrogen was used as the carrier g a s  
and concentration was measured with a flame ionization detector. More 
details concerning the operation of the chromatograph are given in 
Chapter IX and Appendix E. 
CHAPTER V I  
DETERMINATION OF REACTION RATE CONSTANTS 
A s  s t a t e d  i n  p r e v i o u s  c h a p t e r s ,  t h e  chemica l  s y s t e m  chosen  f o r  
e x p e r i m e n t a t i o n  i n  t h i s  work was t h e  s i m u l t a n e o u s  a l k a l i n e  h y d r o l y s e s  
of  me thy l  a c e t a t e  and e t h y l  b e n z o a t e .  These  two r e a c t i o n s  p r o c e e d  a s  
shown i n  E q u a t i o n s  (6.1)  and (6 .2) .  
1 
CH COOCH3 + NaOH -. CH3COONa + CH30H 
3  
2  
C H  COOC2H5 + NaOH C  H  COONa + C2H50H 
6  5 6 5 
Both r e a c t i o n s  (6 .1)  and  (6.2)  a r e  second o r d e r  o v e r a l l .  Fo r  b o t h  o f  
t h e s e  r e a c t i o n s ,  v a l u e s  f o r  t h e  s e c o n d - o r d e r  r a t e  c o n s t a n t s  were found 
i n  t h e  l i t e r a t u r e  ( 3 6 ) ;  b u t  i n  o r d e r  t o  u s e  t h e  n u m e r i c a l  v a l u e s  found 
i n  t h e  l i t e r a t u r e  w i t h  c o n f i d e n c e ,  i t  was n e c e s s a r y  t o  v e r i f y  t h e i r  
a c c u r a c y .  S i n c e  one  o f  t h e  r e a c t a n t s  ( s p e c i f i c a l l y ,  e t h y l  b e n z o a t e )  
i s  o n l y  s l i g h t l y  s o l u b l e  i n  w a t e r ,  a  s o l v e n t  sys t em composed o f  a n  
aqueous -ace tone  s o l u t i o n  was used .  F u r t h e r  i n v e s t i g a t i o n  showed t h a t  
t h e  r a t e  o f  e s t e r  h y d r o l y s i s  f o r  t h e s e  two e s t e r s  v a r i e d  a s  a  f u n c t i o n  
o f  t h e  p e r c e n t a g e  of  a c e t o n e  i n  t h e  s o l v e n t  sys t em.  Data were  a v a i l -  
a b l e  f o r  t h e  h y d r o l y s i s  of  b o t h  m e t h y l  a c e t a t e  and e t h y l  b e n z o a t e  i n  
a 70% aqueous -ace tone  s o l u t i o n  (which i s  d e f i n e d  t h r o u g h o u t  t h i s  work 
t o  mean 70 m l  o f  a c e t o n e  made up  t o  100 ml w i t h  d i s t i l l e d  w a t e r )  and  i t  
was d e c i d e d  t h a t  t h i s  c o m p o s i t i o n  would be  a c c e p t a b l e  f o r  e x p e r i m e n t a l  
p u r p o s e s .  The d e t a i l e d ,  s t e p - b y - s t e p ,  e x p e r i m e n t a l  p r o c e d u r e  used  i n  
d e t e r m i n i n g  t h e  r e a c t i o n  r a t e  c o n s t a n t s  i s  g i v e n  i n  Appendix B y  and 
t h e  f o l l o w i n g  i s  a  summary o f  t h e  t e c h n i q u e s  u s e d  and r e s u l t s  o b t a i n e d .  
A l k a l i n e  H y d r o l y s i s  o f  Methyl  A c e t a t e  
I n  a n  a t t e m p t  t o  show t h e  s t e r i c  i n f l u e n c e  o f  t h e  a l k y l  component 
i n  t h e  a l k a l i n e  h y d r o l y s i s  o f  a c e t a t e s  and p r o p i o n a t e s ,  J o n e s  and  Thomas 
(36) i n v e s t i g a t e d  t h e  a l k a l i n e  h y d r o l y s i s  o f  m e t h y l  a c e t a t e  i n  a 70% 
a q u e o u s - a c e t o n e  s o l v e n t .  It was found t h a t  t h e  r a t e  c o n s t a n t  f o r  t h e  
s a p o n i f i c a t i o n  obeyed t h e  A r r h e n i u s  r e l a t i o n s h i p  
s a t i s f a c t o r i l y  and t h e  f o l l o w i n g  c o n s t a n t s  were d e t e r m i n e d  f o r  me thy l  
a c e t a t e :  (1)  loglO k (d lgmole - sec . )  = 5.5 and ( 2 )  E = 8 , 8 0 0  c a l l g m o l e .  
The method u s e d  i n  d e t e r m i n i n g  t h e s e  c o n s t a n t s  w a s  t h a t  u s e d  b y  Dav ies  
and  Evans (19) i n  a  k i n e t i c  s t u d y  o f  t h e  a c i d  and a l k a l i n e  h y d r o l y s i s  
o f  s e v e r a l  a l i p h a t i c  e s t e r s  and i s  d e s c r i b e d  g e n e r a l l y  i n  t h e  f o l l o w i n g  
s e c t i o n .  
R a t e  Measurements  
A 0.1N me thy l  a c e t a t e  s o l u t i o n  was p r e p a r e d  b y  we igh ing  0.01 
moles  o f  m e t h y l  a c e t a t e  i n t o  a  weighed,  100-ml v o l u m e t r i c  f l a s k .  C a r e  
had t o  b e  o b s e r v e d  (due  t o  t h e  v o l a t i l e  n a t u r e  o f  t h e  e s t e r )  t o  p r e v e n t  
e v a p o r a t i o n  d u r i n g  we igh ing .  A f t e r  t h e  p r o p e r  amount had been  weighed 
i n t o  t h e  f l a s k ,  70 ml of  a c e t o n e  and some d i s t i l l e d  w a t e r  were  added 
and t h e  m i x t u r e  was a l l o w e d  t o  s i t  a t  room t e m p e r a t u r e  f o r  a p p r o x i m a t e l y  
o n e  hour  i n  o r d e r  f o r  t h e  change  i n  volume due t o  m i x i n g  t o  b e  comple t e .  
A f t e r  a n  h o u r ,  t h e  f l a s k  was f i l l e d  t o  t h e  mark w i t h  d i s t i l l e d  w a t e r .  
The a l k a l i n e  s o l u t i o n  o f  t h e  same c o n c e n t r a t i o n  was p r e p a r e d  i n  a  s i m i -  
l a r  manner.  The two f l a s k s  o f  e s t e r  and a l k a l i n e  s o l u t i o n s  were  t h e n  
p l a c e d  i n  a  c o n s t a n t  t e m p e r a t u r e  b a t h  and a l lowed  t o  come t o  t h e  temper-  
a t u r e  of  t h e  b a t h .  Changes i n  c o n c e n t r a t i o n  were  c o r r e c t e d  f o r  by 
n o t i n g  t h e  change i n  volume o f  t h e  m i x t u r e  due t o  t e m p e r a t u r e ;  however ,  
s i n c e  t h e  change  i n  volume due t o  t h e  t e m p e r a t u r e  change  was a l m o s t  t h e  
same f o r  b o t h  s o l u t i o n s ,  t h e i r  c o n c e n t r a t i o n s  remained e s s e n t i a l l y  e q u a l .  
A f t e r  t h e r m a l  e q u i l i b r i u m  was a c h i e v e d ,  25 m l  o f  a l k a l i n e  s o l u t i o n  were 
t r a n s f e r r e d  by v o l u m e t r i c  p i p e t  t o  a  t h i r d  v o l u m e t r i c  f l a s k  (50-1111) 
a l s o  p l a c e d  i n  t h e  c o n s t a n t  t e m p e r a t u r e  b a t h .  S i m i l a r l y  25 m l  o f  a l k a -  
l i n e  s o l u t i o n  were  t r a n s f e r r e d  by means o f  a  r a p i d  d e l i v e r y  p i p e t  and 
t h e  s topwa tch  was s t a r t e d  a t  o n e - h a l f  o f  t h e  d e l i v e r y  o f  t h e  sodium 
hydrox ide  s o l u t i o n .  Samples were  t a k e n  a t  v a r i o u s  i n t e r v a l s  and were  
p i p e t t e d  i n t o  h y d r o c h l o r i c  a c i d  i n  o r d e r  t o  quench t h e  r e a c t i o n .  The 
t ime  r e c o r d e d  f o r  e a c h  sample  was t h a t  t i m e  a t  which o n e - h a l f  o f  t h e  
sample  had r u n  i n t o  t h e  quench ing  s o l u t i o n .  The quenched s o l u t i o n s  
were  t h e n  back t i t r a t e d  p o t e n t i o m e t i c a l l y  w i t h  s t a n d a r d  NaOH s o l u t i o n  
t o  t h e i r  e q u i v a l e n c e  p o i n t  i n  o r d e r  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  of 
a c i d  p r e s e n t .  The r e a c t i o n s  o c c u r r i n g  i n  t h e s e  s t e p s  c a n  b e  r e p r e s e n t e d  
a s  f o l l o w s :  
a )  h y d r o l y s i s  r e a c t i o n  
b) quenching reactions 
fast  L + + H -t RCOOH 
Since the number of equivalents of hydrochloric acid used in the quench- 
ing solution was constrained to be stoichiometrically equal to the com- 
bined number of equivalents of sodium hydroxide and sodium acetate 
(i,e., equal to the original sodium hydroxide concentration times the 
number of milliliters of sample), then all of the H C 1  is used up in the 
quenching reactions and the back-titration yields the concentration of 
carboxylic acid (CCA) formed in reaction (6.6), which is equal to the 
concentration of sodium acetate formed in reaction (6.4). Concentration 
versus time data were obtained this way; and since the reaction was 
second-order with the initial concentrations of reactants equal, Equa- 
tion (6.7) was used to calculate the value of the rate constant for 
each sample. A tabulation of this data is found in Appendix A. 
The arithmetic average of the rate constants for the samples was deter- 
mined and this value was used as the value of the reaction rate constant 
at the given experimental temperature. The natural logarithms of the 
rate constants at various temperatures were plotted versus the recipro- 
cal of the absolute temperature (see Figure 13). Data obtained in this 
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F i g u r e  1 3 .  Reac t ion  Rate Constant  v e r s u s  R e c i p r o c a l  Temperature f o r  t h e  
A l k a l i n e  Hydro lys i s  of Methyl A c e t a t e  
0 2 0  10 0  
work as well as data obtained by Jones and Thomas (36) are shown and 
agreement is within experimental error (-2%). Both studies showed the 
activation energy for the saponification of methyl acetate in a 70% 
aqueous-acetone medium to be approximately 8,800 cal/gmole. 
Alkaline Hydrolysis of Ethyl Benzoate 
Tommila and co-workers (65) have performed investigations of the 
alkaline hydrolysis of ethyl benzoate in mixed solvent systems. Since 
ethyl benzoate is sparingly soluble in water, mixtures of acetone and 
water were investigated as solvents, and the effect of solvent composi- 
tion on reaction velocities was studied. Among the compositions studied 
was the 70% aqueous-acetone mixture subsequently used in this work. 
Since ethyl benzoate is non-volatile, a slightly different experimental 
technique was used in this section, but results were in agreement with 
those given in the literature. 
Rate Measurements 
An alkaline solution (0.1N) was prepared by adding 70 ml of ace- 
tone to a 100-ml volumetric flask, followed by 10 ml of 1.ON NaOH and 
some water. This mixture was allowed to sit at room temperature for 
approximately one hour after which the flask was filled to the mark 
with distilled water. This flask was then placed in a constant-temp- 
erature bath and allowed to reach thermal equilibrium. At that time, 
approximately 0.01 mole ( 1.45ml) of ethyl benzoate was injected into 
the flask with a hypodermic syringe and the stopwatch was started. 
Weighing of the syringe before and after injection yielded the net 
weight of ethyl benzoate introduced into the reaction flask. A little 
0 P r e s e n t  Work 
0 rCc!miia et: ai, ( 55 j 
Temperature ( OC ) 
6 0 5 0 40 3 0 2 0 
I I I I 
I 
1 























F igure  14. Reaction Rate Constant versus  Reciprocal  Temperature f o r  t h e  
Alkal ine Hydrolysis of Ethyl  Benzoate 
practice with this technique allowed injection of quantities extremely 
close to 0.01 mole. The initial concentrations again were corrected 
for change in volume due to the change in temperature from room temper- 
ature, although Tommila (65) states that the second-order reaction rate 
constant is essentially independent of the initial concentration of the 
reactants (indicating that the subject reaction is indeed second-order). 
Samples were taken at various times and the quenching technique pre- 
viously described was used to determine the concentrations of products. 
Again, the arithmetic averages of the rate constants calculated for 
the samples by Equation (6.7) were used to represent the reaction rate 
constants at various temperatures. The experimental values from this 
work and that of Tommila are plotted in Figure 14. Again, as can be 
seen, agreement is within experimental error. The values of the acti- 
vation energy and pre-exponential factor were (1) E = 14,500 cal/gmole 
and (2) log k (C/gmole-sec.) = 8.18. 
10 0 
CHAPTER VII 
COMPUTER SIMULATION OF PERIODIC OPERATION OF A CSTR 
The objectives of this work were to demonstrate the phenomena 
associated with periodic reactor operation and to compare the experi- 
mental results obtained by operating the reaction system periodically 
with those predicted by a computer simulation of the reaction system. 
In general the computer simulation involves the mathematical construc- 
tion of the governing differential equations for the system (mass and 
energy balances) and analytical or numerical integration thereof, sub- 
ject to the constraints of the system (flow rates, volumes, densities, 
etc.). For very complex systems involving coupled non-linear differ- 
ential equations, numerical integration is most often used. 
The modeling of CSTR's is treated in most standard texts on re- 
action kinetics ( 3 , 3 9 ) ;  however, there is no mention of periodic oper- 
ation therein and very little said about unsteady-state operation in 
general. This chapter covers the mathematical modeling of periodic 
operation of the reaction system used in this work. The assumptions 
made concerning certain physical properties of the reaction mixture and 
the differential equations and boundary conditions (from Chapter IV) 
are given in the following sections. In addition, there is a brief dis- 
cussion of the numerical techniques used. 
Assumptions 
I n  o r d e r  t o  s i m p l i f y  t h e  mathemat ica l  model a s  much a s  r a t i o n a l l y  
p o s s i b l e ,  i t  was conven ien t  t o  make t h e  f o l l o w i n g  assumpt ions  concern ing  
t h e  r e a c t i o n  sys tem:  
1 )  The r e a c t o r  c o n t e n t s  were complete ly  mixed ( i . e . ,  t h e r e  were 
no thermal  o r  c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  r e a c t o r ) .  
2 )  A l l  e l e c t r i c a l  energy s u p p l i e d  t o  t h e  h e a t i n g  element was 
d i s s i p a t e d  t o  t h e  l i q u i d  i n  t h e  r e a c t o r .  
3 )  The d e n s i t y  and h e a t  c a p a c i t y  o f  t h e  l i q u i d  i n  t h e  r e a c t o r  
remained e s s e n t i a l l y  c o n s t a n t  o v e r  t h e  t empera tu re  range  invo lved  ( i . e .  
a n  a v e r a g e  v a l u e  f o r  t h e  range  was used) .  
4)  The a c i d  h y d r o l y s i s  of t h e  e s t e r s  was n e g l e c t e d  s i n c e  t h e s e  
r e a c t i o n s  a r e  much s lower  t h a n  t h e  a l k a l i n e  h y d r o l y s i s  (19) and t h e  
t ime r e q u i r e d  f o r  a n a l y s i s  was s m a l l  i n  compa.rison. 
5) T h e  the rmal  e f f e c t s  of  bo th  h y d r o l y s i s  r e a c t i o n s  were neg- 
l e c t e d  s i n c e  t h e  c o n c e n t r a t i o n s  of a l l  r e a c t a n t s  were v e r y  l o w .  
6 )  The r e a c t i o n  r a t e  c o n s t a n t s  obeyed t h e  A r r h e n i u s  r e l a t i o n -  
s h i p  o v e r  t h e  t empera tu re  range of i n t e r e s t .  
7 )  The r e a c t i o n  volume remained c o n s t a n t .  
I n  o r d e r  t o  v e r i f y  t h e  v a l i d i t y  of  some of t h e s e  assumpt ions  ( 1 ,  
3 ,  and 6 ) ,  s e v e r a l  a u x i 1 i a . r ~  s t u d i e s  were made. Assumption (1) w a s  
t e s t e d  by t h e  i n j e c t i o n  of  a  dye i n t o  t h e  r e a c t o r .  The cha.nge i n  op- 
t i c a l  d e n s i t y  of t h e  e f f l u e n t  a s  a  f u n c t i o n  of t ime was t h e n  measured 
u s i n g  a  S p e c t r o n i c  20 spec t ropho tomete r .  T h i s  s t u d y  w i l l  be  d e s c r i b e d  
more f u l l y  i n  t h e  n e x t  c h a p t e r  Assumption ( 3 )  was t e s t e d  by measur ing 
the density of a 70% aqueous-acetone mixture as a function of temper- 
ature. The resulting curve is shown in Figure 15. While it was evi- 
dent that the density of the mixture did vary with temperature, it was 
concluded that an average density for the operating temperature range 
would be satisfactory. Assumption (6) was verified by the study de- 
scribed in Chapter VI to determine reaction rate constants. 
Mathematical Model 
The material and energy balances comprising a mathematical model 
of the CSTR used in this work were given in Chapter IV. As stated i- 
the previous chapter, the two reactions considered were the alkaline 
hydrolyses of methyl acetate and ethyl benzoate. These reactions were 
given by Equations (6.1) and (6.2): 
1 
CH COOCH3 + NaOH + CH COONa + CH30H 
3 3 
2 C H COOC2H5 + NaOH + C H COONa + C2H50H 
6 5 6 5 
and are represented by the following pair of equations: 
where : A = sodium hydroxide 
B = methyl acetate 
C = sodium acetate 
D = methanol 
E = e t h y l  benzoate 
F = sodium benzoate 
G = e thanol  
Der iva t ions  of the  m a t e r i a l  ba lances  f o r  sodium hydroxide (A) and so- 
dium benzoate (F)  and an energy balance around the  CSTR were given i n  
Chapter I V  by Equations (4 .38)  - (4 .40) .  Invoking the  assumptions 
descr ibed  above, t hese  equat ions  were r e w r i t t e n  a s  Equations (4 .53)  - 
( 4 . 5 5 ) ,  which a r e  i n  s t a t e  v a r i a b l e  form and a r e  repeated below: 
These t h r e e  d i f f e r e n t i a l  equat ions completely desc r ibe  the  behavior  of 
the system. Other concent ra t ions  a r e  obtained by simple s t o i c h i m e t r i c  
r e l a t i o n s h i p s .  Boundary condi t ions  a t  the pseudo-steady-state  f o r  t hese  
d i f f e r e n t i a l  equat ions  were given by Equation (4 .28) .  
This  merely s t a t e s  t h a t  the va lues  of  the  s t a t e  v a r i a b l e s  (o r  i n  r e a l i t y  
t he  concent ra t ions  and temperature) must be the same a t  the end of the  
cyc le  (o r  per iod)  a s  they were a t  the  beginning. Since these  va lues  
a r e  no t  known i n i t i a l l y ,  an  i t e r a t i v e  scheme was used t o  determine the 
boundary condi t ions .  This scheme was as follows: 
1)  With a given switching p o l i c y ,  assume an  i n i t i a l  va lue  f o r  
each of the s t a t e  v a r i a b l e s .  
2 )  I n t e g r a t e  over one cyc le  (T )  and examine the  f i n a l  va lues  of 
the  s t a t e  v a r i a b l e s  (x. (T ) )  . 
1 
3) I f  Equation (7.3) i s  not  s a t i s f i e d ,  use  Equation (7 .4)  t o  f i n d  
the new i n i t i a l  values of t he  s t a t e  va r i ab l e s .  
- 6 
In Equation ( 7 . 3 )  IZ (e.g.  10 ) i s  the convergence c r i t e r i o n  which i s  
i 
some small  s p e c i f i e d  quan t i t y .  
4) Repeat t h i s  procedure u n t i l  the  boundary cond i t i ons  match 
wi th in  the s p e c i f i e d  accuracy. This method is s i m i l a r  t o  t he  b i s e c t i o n  
method used i n  determining roo t s  of polynomial equat ions  (18).  It i s  
simple and works we l l  f o r  small  systems of equa t ions ,  bu t  i s  c e r t a i n l y  
n o t  the  only method a v a i l a b l e  f o r  determining the  boundary cond i t i ons .  
For more complex systems, a method such a s  the  ma t r ix  technique descr ibed  
by Lin (32) could be used. This method, which uses  an i t e r a t i v e  scheme 
similar to Newton-Raphson interpolation, converges to the boundary con- 
ditions faster, but is somewhat bulky to use for small systems of equa- 
tions; hence, the simpler method of Equation (7.4) was used. Once the 
boundary conditions are determined the behavior of the periodic system 
at the pseudo-steady-state (for the given switching policy) is com- 
ple tely specified. 
Since Equations (4.53)-(4.55) are non-linear, fourth-order Runge- 
Kutta numerical integration of these equations was used. These opera- 
tions were performed on a Univac 1108 digital computer and the program 
is given in Appendix D. With this background, the next section explains 
the use of the computer simulation to produce the theoretical curves with 
which the experimental data were compared. 
Construction of Theoretical Curves 
The family of curves shown in Figures 3 and 6 represent both con- 
ventional-steady-state operation (@ = 0) and periodic operation ( O q k l ) .  
The numerical methods used in determining points on these curves are 
discussed in the following sections. 
Conventional-Steady-State Curve 
The points on the conventional-steady-state curve (0 = 0) were 
determined by setting Equations (4.53)-(4.55) equal to zero. This re- 
sulted in three simultaneous, non-linear, algebraic equations in three 
unknowns (x x ) of the form given in Equations (7.5)- (7.7) : 1' X3' 4 
This system of equat ions  was solved us ing  Newton's method (18) i n  t h ree  
va r i ab l e s .  This technique u t i l i z e s  the  fol lowing a lgor i thm t o  i t e r a t e  
on the  va r i ab l e s :  
where : 
and i s  the Jacobian of the  system of equat ions.  Equation ( 7 . 8 )  i s  
w r i t t e n  f o r  the  v a r i a b l e  x s i m i l a r  express ions  were developed f o r  x 1 ; 3 
and xA. The i t e r a t i o n  proceeded u n t i l  t he  r e l a t i v e  e r r o r  between suc- 
- 6  
ces s ive  va lues  of x f o r  a l l  s t a t e  v a r i a b l e s  was l e s s  than 10 . For 
1 
any va lue  of y ,  then ,  a unique s o l u t i o n  t o  Equations (4.53)-(4.55) 
could be found and the  r e s u l t i n g  va lues  of x p l o t t e d  ve r sus  y t o  y i e l d  
4 
the  convent iona l -s teady-s ta te  curve. It i s  obvious t h a t  f o r  convent ional-  
s t e a d y - s t a t e  ope ra t ion ,  Equations (4.21) and (4.22) reduce t o  Equat ions 
(7.10) and (7.11);  
Pseudo-Steady-State Curves 
The family of pseudo-steady-state  curves (0-=@<1) were cons t ruc ted  
by the  i n t e g r a t i o n  of Equations (4.53)-(4.55) over one cyc le  (pe r iod ) ,  
us ing  the i t e r a t i v e  technique previous ly  descr ibed ,  u n t i l  the boundary 
- 6 condi t ions  matched t o  w i th in  a r e l a t i v e  e r r o r  of l e s s  than 10 . The 
parameter q5 was def ined  i n  Chapter I V  a s  t h e  f r a c t i o n  of  t he  per iod  
dur ing  which the  c o n t r o l  v a r i a b l e  i s  a t  i t s  lower l i m i t .  As the va lue  
of @ i nc reases  toward an upper l i m i t  of one, the  upper l i m i t  of the  
c o n t r o l  v a r i a b l e  (y ) n e c e s s a r i l y  i nc reases  i n  order  t o  main ta in  a 
u 
- 
cons tan t  value of y.  Obviously, a va lue  of c$ = 1.0 impl ies  t h a t  yU = m; 
and i n  r e a l i t y ,  approach t o  a va lue  of @ c l o s e  t o  1.0 may be r e s t r i c t e d  
by the  upper l i m i t  of the c o n t r o l  v a r i a b l e .  A f t e r  matching the  boundary 
cond i t i ons ,  the time-averaged va lue  of the  s t a t e  v a r i a b l e  x was obtained 4 
us ing  Equation (4.21) 
- 
The p o i n t s  thus obtained were p l o t t e d  versus  va lues  of y t o  produce the  
family of pseudo-steady-state  curves.  S e l e c t i o n  of the va lue  of T ( t h e  
- 
per iod)  and the switching po l i cy  determined the  va lue  of y  i n  a l l  ca ses  
where the upper and lower bounds on the  c o n t r o l  v a r i a b l e  y had been 
previous ly  f ixed.  
CHAPTER V I I I  
PRELIMINARY EXPERIMENTAL STUDIES 
P r i o r  t o  making any e x p e r i m e n t a l  r u n s ,  t h r e e  s t u d i e s  were  unde r -  
t a k e n  i n  o r d e r  t o  c l e a r  up q u e s t i o n s  which had a r i s e n  d u r i n g  t h e  r a t e  
d e t e r m i n a t i o n  r u n s .  The f i r s t  conce rned  t h e  change  i n  volume which 
o c c u r r e d  d u r i n g  t h e  m i x i n g  o f  a c e t o n e  and w a t e r .  The second  conce rned  
t h e  v a r i a t i o n  o f  t h e  d e n s i t y  o f  a  70% a q u e o u s - a c e t o n e  s o l u t i o n  w i t h  
t e m p e r a t u r e  and t h e  t h i r d  conce rned  t h e  mix ing  e f f i c i e n c y  o f  t h e  t h r e e -  
b l a d e  i m p e l l e r  u s e d  f o r  m i x i n g  t h e  r e a c t o r  c o n t e n t s .  
Volume Change D e t e r m i n a t i o n  
T h i s  s t u d y  was e a s i l y  accompl i shed  by u s i n g  o n l y  a  50-ml t i t r a -  
t i n g  b u r e t t e  and a  100-ml v o l u m e t r i c  f l a s k .  F i r s t ,  70.0 m l  o f  a c e t o n e  
were  p i p e t t e d  i n t o  t h e  v o l u m e t r i c  f l a s k .  Then 30 .0  m l  o f  d i s t i l l e d  
w a t e r  were  added from t h e  b u r e t t e  and t h e  f l a s k  was s t o p p e r e d ,  shaken  
and a l l o w e d  t o  s t a n d  f o r  one  hour .  At  t h e  end o f  one  h o u r ,  t h e  m i x t u r e  
l e v e l  was o b s e r v e d  t o  b e  below t h e  mark on  t h e  f l a s k .  C o n s e q u e n t l y ,  
e x c e s s  w a t e r  was added t o  b r i n g  t h e  l e v e l  i n  t h e  f l a s k  up t o  t h e  mark.  
Again  t h e  f l a s k  was s t o p p e r e d ,  shaken  and  a l l o w e d  t o  s i t  f o r  a n  h o u r .  
T h i s  p r o c e d u r e  was r e p e a t e d  s e v e r a l  t i m e s  u n t i l  no f u r t h e r  change  i n  
volume o c c u r r e d .  A t  t h a t  t i m e ,  t h e  t o t a l  number o f  m i l l i l i t e r s  o f  
d i s t i l l e d  w a t e r  added t o  t h e  f l a s k  was r e a d  from t h e  b u r e t t e  and  found 
t o  b e  34 .0  m l .  T h e r e f o r e ,  i n  a l l  s u b s e q u e n t  p r e p a r a t i o n s  o f  r e z c t a n t  
solutions, 700 ml of acetone and 340 ml of distilled water plus reactant 
were mixed to form each liter of reactant solution. Thus the total of 
the water plus reactants was always equal to 340 ml per liter of re- 
actant solution. 
Density vs. Temperature Behavior 
The objective of this study was to determine the effect of tem- 
perature on the density of a 70% aqueous-acetone solution. For this 
purpose, a 70% aqueous-acetone solution was prepared in a volumetric 
flask as indicated in the previous section. This flask was then thermo- 
stated in a con.stant temperature bath and the contents of the flask 
allowed to reach the bath temperature. At this time, the specific 
gravity of the solution was measured with a hydrometer. This procedure 
was repeated a t  different temperatures over the range anticipated in 
the subsequent experimental work. The results are shown in Table 2 
and Figure 15. 
As can be seen, the density over this range varies by only 5% 
and the subsequent usage of an average density would result in an error 
of only 2 2-3% well within the overall experimental error. 
Mixing Efficiency Study 
Although the heating element support frame in the rea.ctor was 
also designed as a baffle system, the question of the effectiveness of 
mixing in the reactor naturally still arises. Accordingly, a prelimi- 
nary experiment was performed in an effort to answer this question. 
The objective of this experiment was to compare the ideally predicted 
Table 2. Density Versus Temperature for a 70% Aqueous-Acetone Solvent 
Temperature (OC) Density (gm/ml) 

b e h a v i o r  of  t h e  r e a c t o r  v e s s e l  w i t h  i t s  a c t u a l  b e h a v i o r ;  and i f  t h e  two 
a g r e e d  w i t h i n  5%, t h e  r e a c t o r  would be c o n s i d e r e d  i d e a l .  
A mathemat ica l  model o f  t h e  r e a c t o r  v e s s e l  was c o n s t r u c t e d  assum- 
i n g  t h e  v o l u m e t r i c  f l o w  r a t e  (QF) and t h e  r e a c t o r  volume (V) were con- 
s t a n t .  A t  t ime t = 0 ,  a  c o n c e n t r a t e d  s o i u t i o n  o f  KMnO was added in- 
4 
s t a n t a n e o u s l y  t o  t h e  r e a c t o r .  With t h e  i n i t i a l  c o n c e n t r a t i o n  of dye 
i n  t h e  r e a c t o r  e q u a l  t o  C a  m a t e r i a l  b a l a n c e  a b o u t  t h e  r e a c t o r  f o r  
0  ' 
t h e  dye c a n  be d e s c r i b e d  by Equa t ion  (8.1) 
Rear rang ing  and i n t e g r a t i n g  t h i s  e q u a t i o n  from C t o  C and from t = 0 
0  
t o  t = t ,  and d e f i n i n g  CY = Q F / V y  E q u a t i o n  (8.1) becomes: 
T h i s  e q u a t i o n  e x p r e s s e s  t h e  c o n c e n t r a t i o n  a s  a  f u n c t i o n  o f  t i m e  ( w i t h  
s l u g  i n j e c t i o n  o f  m a t e r i a l )  f o r  a n  i d e a l l y  mixed r e a c t o r .  S i n c e  con- 
c e n t r a t i o n  i s  n o t  e a s i l y  de te rmined  d i r e c t l y ,  t h e  o p t i c a l  d e n s i t y  ( c o l o r  
i n t e n s i t y ) ,  was fo l lowed  a s  a  f u n c t i o n  o f  t ime .  From t h e  Beer-Lambert 
law 
C o n c e n t r a t i o n  O.D. 
where O . D .  i s  t h e  o p t i c a l  d e n s i t y  of  t h e  s o l u t i o n .  T h e r e f o r e ,  E q u a t i o n  
( 8 . 2 )  c a n  b e  r e w r i t t e n  a s  
-CYt 
O.D. = (O.D.) e  
0 
The o p t i c a l  d e n s i t y  c a n  t h e n  b e  p l o t t e d  on  s e m i - l o g  p a p e r  v e r s u s  t i m e  
and i f  t h e  r e s u l t  i s  a  s t r a i g h t  l i n e  w i t h  a  s l o p e  o f  a, t h e  r e a c t o r  can 
b e  assumed t o  b e  i d e a l l y  mixed.  The e x p e r i m e n t a l  p r o c e d u r e  i n v o l v e d  
e s t a b l i s h i n g  a c o n s t a n t  f l o w  o f  w a t e r  t h r o u g h  t h e  r e a c t o r  a t  a p p r o x i -  
m a t e l y  100 ml /min  ( t h e  f l o w  u s e d  i n  t h e  s u b s e q u e n t  e x p e r i m e n t a l  r u n s ) .  
Once t h e  f low r a t e  was e s t a b l i s h e d  and a  c o n s t a n t  volume o f  two l i t e r s  
was a t t a i n e d ,  t h e  mix ing  i m p e l l e r  was s t a r t e d .  Then 1 0  m l  o f  concen-  
t r a t e d  KMn04 s o l u t i o n  were  i n j e c t e d  i n t o  t h e  r e a c t o r  w i t h  a  hypodermic 
s y r i n g e  and a  s t o p w a t c h  was s t a r t e d .  The o p t i c a l  d i n s i t y  of  t h e  e f f l u -  
e n t  o f  t h e  r e a c t o r  was measured  by  t a k i n g  t en - second  samples  and  sub-  
j e c t i n g  them t o  c o l o r i m e t r i c  a n a l y s i s  w i t h  a  Bausch and Lomb S p e c t r o n i c  
20 s p e c t r o p h o t o m e t e r .  The o p t i c a l  d e n s i t y  was r e a d  d i r e c t l y  f rom a  
l o g a r i t h m i c  s c a l e  on t h e  i n s t r u m e n t  and  t h e  r e s u l t s  a r e  g i v e n  i n  T a b l e  3 .  
These  d a t a  were  p l o t t e d  a s  p r e v i o u s l y  d e s c r i b e d  i n  s e m i l o g a r i t h m i c  
c o o r d i n a t e s  w i t h  t h e  r e s u l t  shown i n  F i g u r e  16 .  The s l o p e  of  t h i s  
l i n e  was c a l c u l a t e d  and found t o  b e  0.05. The v a l u e  o f  CY d e t e r m i n e d  
from i t s  d e f i n i t i o n  i s  a l s o  0.05. S i n c e  t h e s e  numbers a g r e e d  e x t r e m e l y  
w e l l ,  t h e  r e a c t o r  was c o n s i d e r e d  i d e a l l y  mixed and t h e  r a t i o ,  V/QF, was 
t a k e n  a s  t h e  mean r e s i d e n c e  t i m e  i n  t l ~ e  r e a c t o r  computer  s i m u l a t i o n s .  
Table  3 .  O p t i c a l  Densi ty  Versus  Time D a t a  F o r  Mixing E f f i c i e n c y  Study 
Sample No. Time (min. ) O p t i c a l  Dens i ty  
0 2  4 6  8 10 1 2  14 1 6  1 8  2 0  22 24 2 6  2 8  
Time ( min ) 
F i g u r e  16. O p t i c a l  Dens i ty  as a Func t ion  of Time i n  t h e  Determinat ion of Reactor  Mean Residence Time 
CHAPTER I X  
METHOD OF CHEMICAL ANALYSIS 
Chemical a n a l y s i s  o f  t h e  r e a c t i o n  p r o d u c t s  w a s  t h e  most d i f f i -  
c u l t  problem posed by t h i s  e x p e r i m e n t a l  system. The r e a c t i o n s  invo lved  
were t h e  a l k a l i n e  hydro lyses  o f  methy l  a c e t a t e  and e t h y l  b e n z o a t e ,  as 
shown i n  Equa t ions  (6 .1)  and (6.2) : 
1 
CHjCOOCH3 + NaOH - CH COONa + CH30H 3 
2 
C H COOC2H5 + NaOH - C H COONa + C2H50H 
6 5  6 5  
These r e a c t i o n s  occur red  i n  a  70% aqueous-acetone s o l v e n t ,  which added 
two more s p e c i e s  t o  t h e  seven above. Reac to r  e f f l u e n t  samples were 
d.rained from t h e  r e a c t o r  i n t o  excess  HC1,  t he reby  c o n v e r t i n g  t h e  sodium 
a c e t a t e  and sodium benzoate  t o  a c e t i c  a c i d  and benzo ic  a c i d ,  r e s p e c t -  
i v e l y ;  a l l  e x c e s s  sodium hydroxide was a l s o  n e u t r a l i z e d .  As a r e s u l t ,  
t h i s  l e f t  s i x  s p e c i e s  i n  t h e  samples which could  be  ana lyzed  f o r .  One 
of t h e s e  ( e t h y l  benzoate)  cou ld  be e l i m i n a t e d  s i n c e  i t  i s  i n  e x c e s s  
( i t s  i n i t i a l  c o n c e n t r a t i o n  i s  t e n  t imes  t h a t  of t h e  methyl  a c e t a t e  o r  
sodium hydrox ide) ;  and i t s  c o n c e n t r a t i o n  changes v e r y  l i t t l e  d u r i n g  
t h e  r e a c t i o n .  
The f i r s t  a n a l y t i c a l  method t r i e d  was gas  chromatography u s i n g  
a  perkin-Elmer 8 2 0  gas  chromatograph. T h i s  chromatograph was equipped 
with a thermal conductivity cell detector; the concentrations used in 
this study however, were too small to be quantitatively measured and 
consequently this method of analysis was temporarily discarded. 
The second analytical method tried involved the analysis of the 
methanol and ethanol products of the two reactions. Methanol was first 
oxidized to formaldehyde with I<Mn04. Then the formaldehyde was ana- 
lyzed colorimetrically by reacting it with chromotropic acid (1,8 di- 
hydroxynapthalene - 3 , 6 -  disulfonic acid), which produces an intense 
purple color with as little as 2 0  pg/ml formaldehyde. Another part 
of the same sample was then analyzed for total alcohol by reacting the 
sample with a standard solution of K Cr 0 in concentrated H SO The 
2 2 7  2  4 '  
excess K Cr 0 was then determined colorimetrically by reaction with 
2 2 7  
diphenyl carbazide, which produces a violet color with K Cr 0 The 
2 2 7 '  
amount of total alcohol present was calculated as the difference be- 
tween the amount of K Cr 0 remaining after the reaction with alcohol 
2 2 7  
and the amount in an unreacted K2Cr207  blank of identical size. The 
concentration of ethanol could then be determined by subtraction of 
the methanol concentration from the total alcohol concentration. This 
method proved excellent through the calibration stage (i.e., good cali- 
bration curves were obtained using standard solutions of methanol and 
ethanol). Upon implementing this method on actual reactor samples, 
however, impurities in the acetone (mostly methanol) rendered both tests 
unusable. 
The third analytical method tried was ultraviolet spectroscopy. 
In the mixture of species to be analyzed, only two (ethyl benzoate and 
b e n z o i c  a c i d )  a b s o r b  a p p r e c i a b l y  i n  t h e  UV r e g i o n  a r o u n d  270 nm. A 
c o n s i d e r a t i o n  h e r e  i s  t h a t  t h e  e t h y l  b e n z o a t e  i n t e r f e r e s  w i t h  t h e  a n a l -  
y s i s  o f  t h e  b e n z o i c  a c i d ,  and  c o n s e q u e n t l y  t h e  two must  b e  s e p a r a t e d  
p h y s i c a l l y .  L i q u i d - l i q u i d  e x t r a c t i o n  u s i n g  c a r b o n  t e t r a c h l o r i d e  a s  
t h e  s o l v e n t  was u s e d  t o  e x t r a c t  t h e  u n r e a c t e d  e s t e r ,  l e a v i n g  t h e  ben-  
z o i c  a c i d  (which  had b e e n  p r e v i o u s l y  c o n v e r t e d  back  t o  i t s  sodium s a l t  
w i t h  sodium b i c a r b o n a t e )  i n  t h e  aqueous  p h a s e .  T e s t s  pe r fo rmed  w i t h  
t h i s  method i n d i c a t e d  t h a t  up t o  50% o f  t h e  b e n z o a t e  i o n  was l o s t  d u r -  
i n g  t h e  e x t r a c t i o n  a n d ,  c o n s e q u e n t l y ,  t h i s  method  was a l s o  d i s c a r d e d .  
The a n a l y t i c a l  method f i n a l l y  d e c i d e d  upon f o r  a l l  o f  t h e  a n a l y -  
s e s  i n  t h i s  work c o n s i s t s  o f  two s t a g e s :  ( 1 )  t i t r a t i o n  f o r  t o t a l  c a r -  
b o x y l i c  a c i d  and  ( 2 )  g a s  c h r o m a t o g r a p h i c  a n a l y s i s  f o r  e t h a n o l .  
T i t r i m e t r i c  A n a l y s i s  
O f  t h e  f i v e  s p e c i e s  which  c o u l d  b e  a n a l y z e d ,  two were  c a r b o x y l i c  
a c i d s  ( a c e t i c  and  b e n z o i c ) .  I f  t h e  pKa v a l u e s  o f  two a c i d s  a r e  a t  l e a s t  
2 u n i t s  a p a r t ,  o n e  t i t r a t i o n  would  show two end  p o i n t s  ( one  f o r  e a c h  
a c i d ) ;  and  t h e  c o m p l e t e  a n a l y s i s  c o u l d  t h e n  b e  done  w i t h  a  s i n g l e  t i -  
t r a t i o n .  I n  r e a l i t y ,  t h e  pKa v a l u e s  f o r  t h e  s u b j e c t  a c i d s  a r e  l e s s  t h a n  
one  u n i t  a p a r t  (4 .756  v s  4 . 2 1 3 ) ,  a n d  t i t r a t i o n  w i t h  a  s t a n d a r d  b a s e  
s o l u t i o n  shows o n l y  one  b r e a k  p o i n t  f o r  t h e  t o t a l  a c i d .  As a  r e s u l t ,  
t h i s  t e c h n i q u e  was u s e d  t o  d e t e r m i n e  t o t a l  a c e t i c  p l u s  b e n z o i c  a c i d  i n  
a  s amp le .  
One hundred  m i l l i l i t e r s  o f  quenched  s ample  we re  p i p e t t e d  i n t o  a  
300 m l  b e a k e r  and  a  T e f l o n  c o a t e d  m a g n e t i c  s t i r r i n g  b a r  was added .  
The  b e a k e r  was p l a c e d  on  a m a g n e t i c  s t i r r e r ,  a n d  t h e  s o l u t i o n  was t i -  
t r a t e d  p o t e n t i o r n e t r i c a l l y  w i t h  0.100N NaOH u s i n g  a Bechman pH m e t e r  
w i t h  d c o m b i n a t i o n  g l a s s - c a l o m e l  e l e c t r o d e .  Two end p o i n t s  were  de -  
t e c t e d :  (1)  t h e  e x c e s s  HC1 end p o i n t  and (2)  t h e  c a r b o x y l i c  a c i d  end 
p o i n t .  
The i n i t i a l  c o n c e n t r a t i o n s  o f  r e a c t a n t s  were d e t e r m i n e d  by  samp- 
l i n g  t h e  r e a c t a n t  t a n k s  d u r i n g  a n  e x p e r i m e n t a l  run .  The samples  o f  t h e  
two e s t e r  s o l u t i o n s  were  c o m p l e t e l y  s a p o n i f i e d  w i t h  a  known q u a n t i t y  o f  
e x c e s s  sodium h y d r o x i d e  and t h e  e x c e s s  was back  t i t r a t e d  t o  d e t e r m i n e  
t h e  e s t e r  c o n c e n t r a t i o n .  The sodium h y d r o x i d e  s o l u t i o n  was t i t r a t e d  
d i r e c t l y  w i t h  s t a n d a r d  HC1. Each o f  t h e  r e a c t a n t  s o l u t i o n s  were  p r e -  
p a r e d  a t  t h r e e  t i m e s  t h e  d e s i r e d  r e a c t o r  f e e d  c o n c e n t r a t i o n  s o  t h a t  
when t h e  t h r e e  r e a c t a n t  s t r e a m s  were  a l l o w e d  t o  f l o w  e q u a l l y  i n t o  t h e  
r e a c t o r ,  t h e  i n i t i a l  c o n c e n t r a t i o n s  would b e  c o r r e c t .  
Gas Chromatographic  A n a l y s i s  
The c o n c e n t r a t i o n  o f  one  a d d i t i o n a l  s p e c i e s  was needed i n  o r d e r  
t o  o b t a i n  a c o m p l e t e  m a . t e r i a 1  b a l a n c e .  E t h a n o l  seemed t o  b e  m o s t  p r o -  
m i s i n g  i n  t h i s  r e g a r d .  A l s o ,  s i n c e  t h i s  was t h e  s p e c i e s  whose y i e l d  
s h o u l d  b e  improved by p e r i o d i c  o p e r a t i o n ,  i t  was f e l t  t h a t  i t s  con- 
c e n t r a t i o n  s h o u l d  b e  o b t a i n e d  d i r e c t l y  and  n o t  by d i F f e r e n c e  ( a s  w i t h  
t h e  a l c o h o l  t es t s ) .  
A Perk in -E lmer  model 810 g a s  chromatograph w i t h  a  f l a m e  i o n i z a -  
t i o n  d e t e c t o r  was made a v a . i l a b l e  f o r  u s e ;  and i t  wa.s t h e n  n e c e s s a r y  t o  
choose  a  column p a c k i n g  which would s e p a r a t e  t h e  etha.no1 f rom t h e  o t h e r  
s p e c i e s .  S e v e r a l  column pa .ckings  were t r i e d :  (1) Chromasorb W w i t h  
10% s i l i c o n e  o i l  (DC-200), (2 )  Chromasorb W w i t h  a 10% Carbowax 20M and 
(3) Porapak Q. The first of these packings is designed primarily f 
non-polar materials and performed poorly in separating the desired 
species. The second column packing is designed for polar materials. 
Due to its nature, however, the acetone solvent is eluted first, thus 
obscuring the ethanol peak. The third column packing is a porous poly- 
mer and requires no liquid phase coating. These features make it an 
excellent candidate when used with an ultra-sensitive flame ionization 
detector. In addition, this packing is recommended for polar compounds 
such as alcohols, esters, carboxylic acids, etc. Determination of the 
retention times for the two alcohols in this reaction system showed 
that the methanol and ethanol are eluted before the acetone solvent 
which is very desirable. This packing was thus selected for use in 
the gas chromatograph. 
Two aluminum columns, each six feet long and one-eighth inch in 
outside diameter, were packed with 100-120 mesh Porapak Q and coiled 
into spirals. The optimum column operating conditions were determined 
by construction of a Van Deemter Plot ( 1 , 3 0 , 4 3 )  and are listed below 
in Table 4 .  
Reactor effluent samples quenched in acid were placed in a con- 
stant temperature bath at 25'~ and allowed to equilibrate before titra- 
tion and gas chromatographic analysis. A five-microliter Hamilton 
syringe was then used to inject a known volume of quenched sample into 
the gas chromatograph. A typcial chromatogram is shown in Figure 17. 
The mass of ethanol in the sample was calculated by determining the 
area under the ethanol peak (by two different methods) and referring to 
Table 4. Optimum Gas Chromatograph Operating Conditions 
N 2  carrier gas flow rate - 60 cc/min/column 
H2 flow rate - 60 cc/min/column 
Air flow rate - 350 cc/min 
Column temperature - 145'~ 
Injector temperature - 2 5 0 ~ ~  
Attenuation - x50 

a calibration curve constructed from standard ethanol solutions. Both 
a detailed description of the calibration procedure and the calibration 
curves are given in Appendix E. 
The concentration of ethanol in the sample was determined as the 
ratio of its mass as determined above to the known volume injected. The 
concentration of metha.no1 (or acetic acid) was then ca.lcula.ted by sub- 
tracting the ethanol concentration from the total acid concentration de- 
termined by titration. From these two concentrations a.nd the initial 
concentration of reactants (as previously determined), a complete 
material balance could be obtained. 
CHAPTER X 
EXPERIMENTAL RESULTS AND DISCUSSION 
The o b j e c t i v e  o f  t h i s  work was t o  o b t a i n  e x p e r i m e n t a l  d a t a  i n  
a n  a r e a  where p r e v i o u s l y  no d a t a  ha.ve been r e p o r t e d - - p e r i o d i c  o p e r a t i o n  
of a  CSTR. A s  ment ioned Chap te r  11, many t h e o r e t i c a l  s t u d i e s  have  
been  made of CSTR's o p e r a t e d  i n  p e r i o d i c  f a . sh ion ;  a s  a  r e s u l t ,  t h e  
ma themat ica l  model used i n  t h i s  work i s  o f  r a t h e r  s t a n d a r d  f o r m a t .  A 
few changes t o  t h e  model ,  which w i l l  b e  ment ioned l a t e r ,  were made i n  
o r d e r  t o  o b t a i n  a  b e t t e r  f i t  o f  t h e  e x p e r i m e n t a l  data.  w i t h  t h e  model. 
I t  shou ld  be emphasized a t  t h i s  p o i n t ,  however, t h a t  t h e  computer s i m -  
u l a t i o n  of t h e  r e a c t i o n  sys tem wa.s o f  seconda.ry impor tance  a n d ,  i n  some 
c a s e s ,  was used  o n l y  t o  show t r e n d s .  O f  p r imary  impor tance  was t h e  
g a t h e r i n g  of e x p e r i m e n t a l  d a t a  on p e r i o d i c  r e a c t o r  o p e r a t i o n  and t h e  
e x p e r i m e n t a l  v e r i f i c a t i o n  of y i e l d  improvement through t h i s  mode of 
ope ra . t ion .  
S e l e c t i o n  of R e a c t i o n  System 
I n  o r d e r  t o  o b t a i n  measurab le  i n c r e a s e s  i n  y i e l d ,  i t  was neces -  
s a r y  t h a t  t h e  two r e a c t i o n s  s e l e c t e d  i n  t h e  e x p e r i m e n t a l  work have  a c t i -  
v a t i o n  e n e r g i e s  whose r a t i o  was g r e a t e r  t h a n  1 .5 .  I n  a d d i t i o n ,  t h e  rr- 
a c t i o n s  had t o  p roceed  a t  a  r a t e  such t h a t  measurab le  amounts o f  p ro -  
d u c t s  be formed o v e r  a r e a s o n a b l e  p e r i o d  o f  time. Two d i f f e r e n t  r e -  
a c t i o n  sys tems were a c t u a l l y  examined; one o f  thein was d i s c a r d e d ,  how- 
e v e r ,  due  t o  a n a l y t i c a l  c o m p l i c a t i o n s  which c o u l d  n o t  be  e a s i l y  r e -  
s o l v e d .  
The f i r s t  r e a c t i o n  sys t em examined was t h e  s i m u l t a n e o u s  h y d r o l y -  
s i s  and a m i n o l y s i s  o f  benzoy l  c h l o r i d e .  The h y d r o l y s i s  r e a c t i o n  would 
b e  c o n s t r a i n e d  t o  b e  p s e u d o - f i r s t - o r d e r  by t h e  p r e s e n c e  o f  a  l a r g e  ex -  
c e s s  o f  w a t e r ;  t h e  a m i n o l y s i s  r e a c t i o n  would be  s e c o n d - o r d e r  ( f i r s t -  
o r d e r  w i t h  r e s p e c t  t o  each  of t h e  r e a c t i n g  s p e c i e s ) .  These  r e a c t i o n s  
a p p e a r e d  t o  be  p a r t i c u l a r l y  p r o m i s i n g  b e c a u s e  t h e  r a t i o  o f  t h e i r  a c t i -  
v a t i o n  e n e r g i e s  was 2.02. I n  a d d i t i o n  r e a g e n t  c o s t s  c o u l d  be  k e p t  
t o  a  minimum by u s i n g  r e a c t a n t  f e e d  c o n c e n t r a t i o n s  i n  t h e  r a n g e  o f  
0 .01-0 .001 , g m o l e / l i t e r .  Numerous problems were e n c o u n t e r e d  w i t h  t h i s  
p r o s p e c t i v e  s y s t e m ,  however.  Among t h e s e  were :  (1)  t h e  p r e s e n c e  of  
a  t h i r d  c o u p l i n g  r e a c t i o n  when t h e  o r i g i n a l  two r e a c t i o n s  a r e  c a r r i e d  
o u t  s i m u l t a n e o u s l y  i n  t h e  same v e s s e l ,  and (2)  t h e  i n a b i l i t y  t o  chemi- 
c a l l y  quench t h e  r e a c t i o n s  d u r i n g  t h e  s a m p l i n g  p e r i o d .  These  problems 
r e n d e r e d  a n  e x p e r i m e n t a l  s t u d y  a l m o s t  i m p o s s i b l e  a n d ,  c o n s e q u e n t l y ,  a  
second r e a c t i o n  s y s t e m  was chosen .  
T h i s  s econd  r e a c t i o n  s y s t e m  c o n s i s t e d  of  t h e  s i m u l t a n e o u s  a l k a -  
l i n e  h y d r o l y s i s  ( s a p o n i f i c a t i o n )  of  two c a r b o x y l i c  e s t e r s  (me thy l  a c e -  
t a t e  and e t h y l  b e n z o a t e ) .  I t  was found t h a t :  (1)  t h e s e  two r e a c t i o n s  
a r e  n o t  c o u p l e d ,  (2 )  r e a c t i o n  r a t e  c o n s t a n t s  c o u l d  b e  a c c u r a t e l y  de -  
t e rmined  by b a t c h  k i n e t i c  e x p e r i m e n t s  and  (3) c h e m i c a l  quench ing  o f  t h e  
r e a c t i o n s  c o u l d  b e  accompl i shed  w i t h  any  s t r o n g  m i n e r a l  a c i d ,  p r o v i d e d  
t h e  a c i d  i s  o n l y  s l i g h t l y  i n  e x c e s s  and t h e  samples  a r e  a n a l y z e d  a s  
q u i c k l y  a s  p o s s i b l e .  A s e a r c h  o f  t h e  l i t e r a t u r e  showed, however ,  t h a t  
t h e s e  r e a c t i o n s  o c c u r r i n g  s imul taneous ly  i n  d i s t i l l e d  wa.ter do tiot meet 
t h e  requirement  r e g a r d i n g  t h e  r a t i o  of t h e  a c t i v a t i o n  e n e r g i e s .  When 
t h e s e  same r e a c t i o n s  a r e  c a r r i e d  o u t  i n  v a r i o u s  o r g a n i c  s o l v e n t s ,  how- 
e v e r ,  t h e  a c t i v a t i o n  e n e r g i e s  a r e  changed because  of s o l v e n t  i n t e r a c t i o n  
e f f e c t s  and t h e  r e a c t i o n s  become f e a s i b l e  f o r  o p t i m i z a t i o n  by p e r i o d i c  
o p e r a t i o n  ( i . e . ,  E /E  > 1 . 5 ) .  Among t h e  f e a s i b l e  s o l v e n t  systems a r e :  
2 1 
( 1 )  p-dioxane : w a t e r ,  (2 )  a c e t o n e  : w a t e r ,  ( 3 )  t e t r a h y d r o f u r a n  : w a t e r ,  
(4 )  d imethyl  s u l f o x i d e  : w a t e r ,  (5) methanol : water  and (6)  e t h a n o l  : 
water .  The s o l v e n t  sys tem chosen f o r  t h i s  work was a c e t o n e  : w a t e r ,  
wi th  t h e  pr imary c o n s i d e r a t i o n  b e i n g  c o s t .  S i n c e  t h e  q u a n t i t y  o f  a c e -  
t o n e  used d u r i n g  t h e  exper imenta l  r u n s  was l a r g e ,  t h e  a c e t o n e  (C I? 
grade)  was o rdered  i n  55-ga l lon  drums. T h i s  grade of ace tone  c o n t a i n s  
a t  l e a s t  f o u r  i m p u r i t i e s  ( a s  determined by gas  chromatographic a n a l y s i s )  
one of which i s  methanol.  The p r e s e n c e  o f  t h i s  methanol r e q u i r e d  modi- 
f i c a t i o n s  t o  t h e  a n a l y t i c a l  p rocedure ,  which were d i s c u s s e d  a t  l e n g t h  
i n  Chapter  I X ,  and w i l l  be r e t u r n e d  t o  l a t e r  i n  t h i s  c h a p t e r .  
A f t e r  t h e  s e l e c t i o n  of t h e  r e a c t i o n  and s o l v e n t  sys tem,  a s e r i e s  
o f  ba tch  k i n e t i c  exper iments  was performed i n  o r d e r  t o  v e r i f y  t h e  v a l u e s  
of  t h e  r e a c t i o n  r a t e  c o n s t a n t s  and a c t i v a t i o n  e n e r g i e s  r e p o r t e d  i n  t h e  
l i t e r a t u r e .  These exper iments  were d e s c r i b e d  i n  Chapter V I  and w i l l  
n o t  be d i s c u s s e d  h e r e  a t  any l e n g t h .  It  should be  mentioned a t  t h i s  
p o i n t ,  however, t h a t  t h e  v a l u e s  of t h e  a c t i v a t i o n  energy and pre-expon- 
e n t i a l  f a c t o r  f o r  t h e  h y d r o l y s i s  of e t h y l  benzoa te  were modi f i ed  s l i g h t l y  
i n  o r d e r  t o  o b t a i n  a  b e t t e r  f i t  between computer s i m u l a t i o n s  and t h e  ex- 
p e r i m e n t a l  d a t a .  These k i n e t i c  pa ramete rs  d i d  a g r e e  w i t h i n  exper imenta l  
error with the values given in the literature, and were thus used as a 
starting point in the computer simulations. 
Selection of Experimental Operating Conditions 
~ f t e r  determination of the reaction rate constants, the experi- 
mental apparatus was assembled, and the preliminary mixing experiment 
was performed, as described in Chapter VIII. Next, the conditions at 
which the experimental runs should be made were determined. The resi- 
dence time within the reactor was selected arbitrarily as twenty min- 
utes. In this work the effect of periodic reactor operation was studied 
for only one cycle duration, which was chosen to be equal to the resi- 
dence time (i.e., 7 = 1). This is not to say the 7 =1 is necessarily 
the optimal cycle time. The purpose of this work, however, was not to 
determine the optimal operating policy, but to demonstrate experi- 
mentally yield improvements via periodic operation. Future work should 
include experiments conducted at other values of ~(0.1, 0.5, 1.5), and 
the results compared with those reported herein. Feed concentrations 
for methyl acetate, sodium hydroxide and ethyl benzoate of 0.001, 0.001 
and 0.100 gmole/liter, respectively, were initially planned. The first 
two values proved to be too dilute for product determination by titra- 
tion and, consequently, several different feed concentrations were 
tried. The final values used in all subsequent experimental runs were 
(1) 0.02 gmole/liter for the sodium hydroxide and methyl acetate and 
(2) 0.20 gmole/liter for the ethyl benzoate. Although an initial con- 
centration of ethyl benzoate ten times that of the other reactants does 
not render its hydrolysis pseudo-first-order in the strictest sense, 
this reaction does become competitive with the other hydrolysis reaction 
(which is the desired result). 
Presentation of Experimental Results 
The first periodic run was used to determine the number of cycles 
necessary for the rea.ction system to achieve pseudo-steady-state from 
a concentration standpoint. The system was started up a.nd the thermal 
pseudo-steady-state, as determined from the reactor thermocouple out- 
put, was reached after four cycles. The first cycle after the thermal 
pseudo-steady-state was reached was denoted as cycle 1, and composite 
samples of the reactor product stream were taken over.cycles 2, 4, 6, 
8, and 10. The ethanol concentration in this stream was determined by 
gas chromatography as previously described and the results a.re shown in 
Figure 18. As can be seen from this figure, after two cycles this con- 
centration has not quite reached the pseudo-steady-state (low by 7%). 
After four cycles the pseudo-steady-state concentration was found to 
level out at 0.159. It was decided from these results, that for all 
subsequent runs, composite samples taken over cycles 4 and 6 (after the 
attainment of the thermal pseudo-steady-state) would be representative 
samples. The remainder of the periodic runs and a conventional-steady- 
state run were made in order to gather data at five different values 
of $5 (the fraction of the cycle during which the control variable is 
at its lower limit). The values of @ chosen were 0.95, 0.90, 0.80, 0.70 
and 0.60. During these runs, careful measurements of both the voltage 
and current to the heating element were made in order to be able to 
calculate the power imput to the reactor. The temperature of the re- 

actant solutions (T ) was also monitored in order to use this value of 
0 
- 
To in the computation of the control variable y at which the experi- 
mental values of x4 would be plotted. 
Evaluation of Control Variable 
The definition of y was given in Chapter IV: 
As can be seen from this definition, five different experimentally meas- 
ured (T q,  QF) or inferred (p ,  C ) quantities enter into this defini- 
0 ' P 
tion. The numerical value of the density for each run was determined 
from the density-temperature curve in Chapter VIII, using the experi- 
mentally determined average temperature of the cycle as the abscissa. 
The heat capacity of the reaction mass was computed from the heat capa- 
cities for pure acetone and pure water at the average temperature of 
the cycle, using a linear mixing rule based on mole fractions to obtain 
the heat capacity for the mixture. All of these inferred and measured 
values, including the values of calculated from Equation ( 4 . 3 4 ) ,  are 
given in Appendix F; the actual values of y and y are also given there. 
u 6 
- 
The pseudo-steady-state concentration results for x were plotted versus 4 
- - 
the values of y as obtained above. Values of x from computer simula- 
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tions (initially computed by assuming an adiabatic reactor and using 
the literature values of the activation energies) were also plotted on 
the same graph to compare the experimental and simulation results. The 
initial agreement was very poor. The curve for each value of I$ seemed 
t o  b e  o f f s e t  h o r i z o n t a l l y  from t h e  mode l ,  and t h e  s l o p e s  of  t h e s z  c u r v e s  
were s l i g h t l y  d i f f e r e n t  from t h o s e  s u g g e s t e d  by t h e  model .  An e x p l a n a -  
t i o n  of t h e  d i s c r e p a n c y  be tween r u n s  was sough t  and i t  was found t h a t  
s e v e r a l  f a c t o r s  were  o p e r a t i v e  h e r e .  
The p r i m a r y  s o u r c e  o f  e r r o r  was i n  t h e  measurement o f  t h e  r e a c -  
t a n t  f e e d  t e m p e r a t u r e s .  It was found t h a t ,  even  though t h e r e  were  
the rmocoup les  i n  t h e  i n l e t  l i n e s ,  s u f f i c i e n t  h e a t  was g a i n e d  be tween 
t h e  the rmocoup les  and t h e  r e a c t o r  t o  change  t h e s e  t e m p e r a t u r e s  (and 
hence  t h e  a c t u a l  v a l u e  o f  T ). A change  o f  o n l y  1°c d i s t o r t s  t h e  v a l u e  0 
o f  by t h e  amount o f  .0003 u n i t .  T h i s  was c o n s i d e r e d  t o  b e  q u i t e  s i g -  
n i f i c a n t  i n  v iew of  t h e  f a c t  t h a t ,  w i t h  t h e  equipment  u s e d ,  i t  was i m -  
p o s s i b l e  t o  h o l d  t h e  r e a c t a n t  f e e d  t e m p e r a t u r e s  w i t h i n  + - 3 ' ~  from day 
t o  day .  
A s e c o n d a r y  s o u r c e  o f  e r r o r  was i n  t h e  measurement o f  t h e  c u r r e n t  
t o  t h e  h e a t i n g  e l e m e n t .  While t h e  v o l t a g e  c o u l d  b e  measured  a c c u r a t e l y  
enough (and remained v e r y  c o n s t a n t  w i t h  t h e  u s e  o f  t h e  c o n s t a n t  v o l t a g e  
t r a n s f o r m e r ) ,  t h e  c u r r e n t  was found t o  v a r y  o v e r  t h e  c y c l e .  T h i s  v a r i -  
a t i o n  was p r i m a r i l y  due  t o  t h e  change i n  t h e  r e s i s t a n c e  o f  t h e  h e a t i n g  
c l emen t  a s  i t  h e a t e d  up. T h i s  b e h a v i o r  t h u s  n e c e s s i t a t e d  t h e  u s e  of  
a n  "average"  v a l u e  f o r  t h e  c u r r e n t ;  i t  i s  f e l t  t h a t  t h i s  c o u l d  b e  
a n o t h e r  s o u r c e  o f  e r r o r  s i n c e  t h e  v a r i a t i o n  i n  c u r r e n t  o v e r  t h e  c y c l e  
was n o t  a lways  l i n e a r  w i t h  t i m e .  
A t h i r d  s o u r c e  o f  e r r o r  r e s u l t e d  from t h e  a s s u m p t i o n  t h a t  t h e  
h e a t  c a p a c i t y  o f  t h e  r e a c t i o n  m i x t u r e  was t h e  same a s  a  70% aqueous-  
a c e t o n e  m i x t u r e .  S i n c e  t h e  e t h y l  b e n z o a t e  c o n c e n t r a t i o n  was 0.2 gmole/ 
l i t e r  (75 g r a m s / l i t e r ) ,  i t  was f e l t  t h a t  t h i s  c o u l d  p o s s i b l y  i n i l u c n c c  
t h e  h e a t  c a p a c i t y  of  t h e  s o l u t i o n .  
F i n a l l y ,  a n o t h e r  s o u r c e  o f  e r r o r  l a y  i n  t h e  a s sumpt ion  t h a t  t ~ ~ e  
r e a c t o r  was a d i a b a t i c .  The f a c t  t h a t  t h i s  a s s u m p t i o n  was n o t  v a l i d  
became. o b v i o ~ ~ s  when t h e  s t e a d y - s t a t e  expe r imen t  was per formed wirii  n c  
h e a t  f l u x  from t h e  h e a t i n g  e l emen t .  Dur ing  t h i s  r u n  t h e  f i r s t  sample 
was t a k e n  when t h e r e  was no h e a t  f l u x  t o  t h e  r e a c t o r  from t h e  h c a ~ i n g  
c o i l  ( i f  a d i a b a t i c ,  T x To) .  The s t e a d y - s t a t e  t e m p e r a t u r e  which r e -  
s u l t e d  however ,  was f i v e  t o  t e n  d e g r e e s  c e n t i g r a d e  h i g h e r  t h a n  i t  s h n u l d  
have  been  i f  t h e r e  were no h e a t  l o s s e s  t o  t h e  s u r r o u n d i n g s  from ti12 r e -  
a c t a n t  f e e d  l i n e s  and r e a c t o r  v e s s e l .  A c c o r d i n g l y ,  i n  an a t t e m p t  c o  
a c c o u n t  f o r  h e a t  t r a n s f e r  t o  and from t h e  r e a c t o r  v e s s e l ,  a n  e x t r a  t i r m  
was added t o  t h e  e n e r g y  b a l a n c e  a s  shown i n  C h a p t e r  I V .  The r e s u l t i n g  
d i m e n s i o n l e s s  e x p r e s s i o n  f o r  t h e  t e m p e r a t u r e  i n  t h e  r e a c t o r  i s  r e -  
p e a t e d  b e l ~ ~ : :  
Dur ing  each  o f  t h e  e x p e r i m e n t a l  r u n s ,  t h e  i n s t a n t a n e o u s  tcmpera-  
t u r e  i n  t h e  r e a c t o r  v e s s e l  was m o n i t o r e d  and r e c o r d e d  on  a  m i l l i v o l ~  
s t r i p  c h a r t  r e c o r d e r  ( s e e  F i g u r e  1 9 ) .  I n  o r d e r  t o  r e d u c e  t h e  amount oE 
- 
e r r o r  i n t r o d u c e d  i n t o  t h e  v a l u e  of  y  by t h e  p r e v i o u s l y  men t ioned  f a c t o r s ,  
i t  was d e c i d e d  t h a t  i n s t e a d  o f  c a l c u l a t i n g  from t h e  power i n p u t  and  
- 
t h e  o t h e r  p a r a m e t e r s  i n  E q u a t i o n  ( 4 . 5 0 ) ,  y would b e  d e t e r m i n e d  from 
one expc>r imcn ta l  measurement ( t h e  i n s t a n t a n c u u s  r e d c t , - r  t t i n l ~ c ~ . ; r  , 
Figure  1 9 .  Experimental Temperature P r o f i i e s  During Pe r iod i c  Operation 
G r a p h i c a l  i n t e g r a t i o n  o f  t h e  r e a c t o r  t e m p e r a t u r e  p r o f i l e s  y i e l d e d  nu- 
- 
m e r i c a l  v a l u e s  o f  t h e  a v e r a g e  t e m p e r a t u r e  ( x  ) f o r  each  sample  t a k e n .  
3 
A t  s t e a d y - s t a t e  E q u a t i o n  (4 .55)  becomes 
A s i m i l a r  p r o c e d u r e  was employed i n  t h e  c a s e  o f  p s e u d o - s t e a d y - s t a t e  
c o n d i t i o n s .  E q u a t i o n s  (4.55) was i n t e g r a t e d  a n a l y t i c a l l y  and t h e  tiae 
a v e r a g e d  v a l u e  o f  s t a t e - v a r i a b l e  x  was c a l c u l a t e d .  S i n c e  t h i s  d e r i -  
3  
v a t i o n  i s  r a t h e r  l e n g t h y ,  i t  i s  g i v e n  i n  Appendix G and t h e  r e s u l t s  
a r e  shown: 
- 
S i n c e  t h e  v a l u e  o f  x was g r a p h i c a l l y  d e t e r m i n e d  and t h e  v a l u e  o f  t h e  
3 
c o n s t a n t  C was f i x e d  by t h e  ambient  t e m p e r a t u r e ,  o n l y  t h e  v a l u e  o f  t h e  
2 
- 
c o n s t a n t  C was needed i n  o r d e r  t o  p l o t  x a g a i n s t  y .  
1 4  
I n  a n  e f f o r t  t o  e f f e c t  b e t t e r  ag reemen t  be tween t h e  computer  s i m -  
u l a t i o n s  and t h e  e x p e r i m e n t a l  d a t a ,  t h e  p r e - e x p o n e n t i a l  f a c t o r s ,  t h e  
a c t i v a t i o n  e n e r g i e s  and t h e  c o n s t a n t  C were  v a r i e d  u n t i l  a  r e a s o n a b l e  
L 
f i t  was o b t a i n e d .  The v a l u e  o f  t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  h y d r o l y s i s  
o f  m e t h y l  a c e t a t e  (E ) was v a r i e d  from 8 , 2 0 0  c a l / g m o l e  t o  9 ,000  c a l l  1 
gmole,  w h i l e  t h e  v a l u e  f o r  t h e  a c t i v a t i o n  ene rgy  o f  t h e  h y d r o l y s i s  o f  
e t h y l  b e n z o a t e  (E ) was v a r i e d  from 13 ,000  c a l / g m o l e  t o  14 ,750  c a l l  
2 
gmole. P r e - e x p o n e n t i a l  f a c t o r s  were  c a l c u l a t e d  f o r  e a c h  a c t i v a t i o n  
e n e r g y  u s i n g  t h e  m i d d l e  v a l u e  o f  t h e  e x p e r i m e n t a l  r a t e  c o n s t a n t  d a t a  
f rom C h a p t e r  V I .  No computer  p rog ram was w r i t t e n  t o  f i t  t h e  s i m u l a t i o n  
c u r v e s  t o  t h e  e x p e r i m e n t a l  d a t a ;  however ,  a p p r o x i m a t e l y  t w e n t y - f i v e  
d i f f e r e n t  c o m b i n a t i o n s  o f  p a r a m e t e r s  were  p l o t t e d  b e f o r e  t h e  b e s t  f i t  
was o b t a i n e d .  I t  s h o u l d  be  n o t e d  t h a t  s i n c e  t h i s  was a  semi-manual  
s e a r c h ,  no  a t t e m p t  t o  o b t a i n  a  b e s t  f i t  f o r  x was made a n d ,  a s  a  r e s u l t  2  
- 
t h e  f i t  o f  x d a t a  t o  t h e  computer  s i m u l a t i o n  would b e  e x p e c t e d  t o  be  
2 
p o o r e r .  
T h e  r e s u l t s  o f  t h i s  s e a r c h  i n d i c a t e d  t h a t  v a r y i n g  E  d i d  n o t  
1 
h a v e  any s i g n i f i c a n t  e f f e c t  on  t h e  s i m u l a t i o n  r e s u l t s ,  i f  t h e  r a t i o  
E2/E1 were  m a i n t a i n e d  c o n s t a n t .  T h e r e f o r e ,  r a t h e r  t h a n  s e a r c h i n g  f o r  
E l ,  t h e  v a l u e  o f  t h i s  p a r a m e t e r  was r e t a i n e d  a s  8 , 8 0 0  c a l / g m o l e  ( t h e  
l i t e r a t u r e  v a l u e ) ,  and  t h e  p a r a m e t e r s  E and  C we re  v a r i e d  u n t i l  a  
2 1 
- 
r e a s o n a b l e  f i t  f o r  x4 was o b t a i n e d  be tween  t h e  computed and  e x p e r i m e n t a l  
s t e a d y - s t a t e  d a t a .  The f i n a l  v a l u e s  u s e d  f o r  t h e s e  p a r a m e t e r s  a r e :  
Compar i son  o f  E x p e r i m e n t a l  and  S i m u l a t i o n  R e s u l t s  
The e x p e r i m e n t a l  d a t a  we re  t h e n  p l o t t e d ,  u s i n g  E q u a t i o n  (10 .2)  
- - 
t o  e v a l u a t e  y f rom t h e  measu red  v a l u e s  o f  x and  t h e  r e s u l t s  f o r  t h e  
3 : 
f i v e  v a l u e s  of  0 a r e  shown i n  F i g u r e s  20 t h r o u g h  24. T h e s e  r e s u l t s  
have also been reduced to tabular form and are shown in Table 5. In 
calculating percent improvement, simulation results for conventional- 
steady-state were used as a basis. 
As previously stated, the major emphasis in fitting the simula- 
tion curves to the experimental data was placed on fitting the values 
- - 
of x The experimental values of x (pseudo-steady-state yield of 4 ' 2 
methanol) consequently, would not be expected to fit the model quite 
as well. An example of the fit of these data for x2 is shown in Figure 
25 for a value of @ = 0.9. As might be suspected, the fit is not as 
good; most of the experimental data, however, agree satisfactorily with 
the model. Two factors which might have contributed to the ragged na- 
ture of these titration data are: (1) variation in the sodium hydroxide 
titrant normality due to absorption of carbon dioxide and (2) poor end- 
point behavior for the HC1, which thus introduces errors into the calcu- 
lation of the total carboxylic acid present. In addition to these two 
factors, the precise position (on the pH scalej of the carboxylic acid 
endpoint would vary slightly as the amount of each acid in the mixture 
varied. While this last point may not be as significant as the other 
two, it could play a small part in the overall scatter of the titration 
- 
data. Still another source of error might be that the value of x2 was 
obtained by subtracting the experimental values of x determined by 
4 
chromatography from the total acid obtained by titration. Whenever a 
quantity is determined from the difference between two experimental 
measurements, the error in that quantity is naturally increa.sed. While 
a good fit of all the experimental data with a model is certainly de- 
Figure 20. Dimensionless Concentration of Etha,nol  (x ) a t  @ = 0.95 4 
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Figure  21. Dimensionless Concentration of Ethanol (x ) at #I = 0.90 4 
Figure  22. Dimensionless Concentrat ion of Ethanol (x ) a t  @ = 0.80 
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Figure 23. Dimensionless Concentration of Ethanol  (Gq) at @ = 0.70 
0.45 
A EXPERIMENTAL PSEUDO-STEADY-STATE 
a EXPERIMENTAL STEADY-STATE 










.060 .061 .062 .063 .064 .065 .066 .067 .068 .069 .070 .071 .072 -073 .074 - 
Y 
- 
F i g u r e  2 4 .  D imens ion less  Cor lcen t ra t ion  of E t h ~ n o l  ( x , )  at = 0.610 
LL 
- 
Table  5 .  P e r c e n t  Improvement i n  Y i e l d  of  x over S t e a d y - S t a t e  
Condi t ions  
4 
- - 
% Improvement i n  x % Improvement i n  x4 
Over S t e a d y - S t a t e  Over S t e a d y - S t a t e  
(exper  imenta 1) ( c a l c u l a t e d )  
T a b l e  5. P e r c e n t  Improvement i n  Yie ld  of x oxrer S t e a d y - S t a t e  
Condi t ions  (Cont Id. ) 4 
- - 
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Figu re  25. Dimensionless Concentration of Methanol (i) at @ = 0.90 
s i r a b l e ,  t h e  p r imary  p u r p o s e  o f  t h i s  work r ema ins  t h e  d e m o n s t r a t i o n  of  
t h e  e f f e c t s  o f  p e r i o d i c  r e a c t o r  o p e r a t i o n .  
D i s c u s s i o n  o f  R e s u l t s  
The r e s u l t s  o b t a i n e d  i n  t h i s  work a r e  s i g n i f i c a n t  i n  t h a t  t h e y  
d e m o n s t r a t e  e x p e r i m e n t a l l y  t h a t  t h e  y i e l d  o f  c e r t a i n  r e a c t i o n s  c a n  i n -  
deed  be  improved by  t h e  p e r i o d i c  ( o r  c y c l i c )  o p e r a t i o n  o f  a  CSTR. The 
m i s t a k e  o f  making b r o a d ,  sweeping  a s s u m p t i o n s  r e g a r d i n g  t h e  a p p l i c a -  
b i l i t y  o f  t h i s  mode o f  o p e r a t i o n  t o  o t h e r  r e a c t i o n  sys t ems  must  n o t  b e  
made, however. 
The r e a c t i o n  s y s t e m  u s e d  i n  t h i s  work was s e l e c t e d  e s p e c i a l l y  
t o  d e m o n s t r a t e  t h e  e f f e c t s  o f  p e r i o d i c  o p e r a t i o n  o f  a  CSTR. T h i s  b a s i c  
g o a l  was a c h i e v e d  a s  d e m o n s t r a t e d  i n  T a b l e  5 and F i g u r e s  20-24. Y i e l d  
i n c r e a s e s  i n  t h e  e t h a n o l  o f  up t o  11% were  o b s e r v e d  e x p e r i m e n t a l l y  a t  
t h e  p s e u d o - s t e a d y - s t a t e .  S i n c e  t h e  o v e r a l l  e x p e r i m e n t a l  e r r o r  i s  e s t i -  
mated  t o  b e  l e s s  t h a n  5%, i t  c a n n o t  be  s a i d  t h a t  t h e  i n c r e a s e  i n  y i e l d  
i s  due  t o  e x p e r i m e n t a l  e r r o r .  I n c r e a s e s  i n  t h e  e t h a n o l  y i e l d  were  ob- 
s e r v e d  f o r  a l m o s t  a l l  o f  t h e  p e r i o d i c  e x p e r i m e n t s  and were  comparable  
t o  t h o s e  p r e d i c t e d  by  computer  s i m u l a t i o n .  
One q u e s t i o n  t h a t  i n e v i t a b l y  a r i s e s  r e g a r d s  t h e  b e h a v i o r  o f  t h e  
y i e l d  of  t h e  o t h e r  r e a c t i o n  p r o d u c t  (me thano l ) .  The d a t a  p r e s e n t e d  i n  
F i g u r e  25 show t h a t  t h e  t ime-ave raged  v a l u e s  o f  t h e  c o n c e n t r a t i o n  o f  
t h e  o t h e r  p r o d u c t  (me thano l ,  which i s  e q u i v a l e n t  t o  t h e  sodium a c e t a t e  
c o n c e n t r a t i o n )  i s  d i m i n i s h e d  by c y c l i n g  (which i s  t h e  e x p e c t e d  r e s u l t ) .  
The amount of  d e c r e a s e ,  however ,  i s  n o t  n e c e s s a r i l y  e q u a l  t o  t h e  amount 
o f  i n c r e a s e  o f  t h e  o t h e r  s p e c i e s .  D i f f e r e n c e s  be tween t h e  amount o f  
reactant remaining during periodic and conventional-steady-state-opera- 
tion account for any discrepancies in the total conversion. 
Another question which arises is the applicability of this mode 
of operation to reactions in the chemical process industry. Again, it 
should be stated that the parameters and reactions of this experimental 
system were selected especially for demonstration purposes. This op- 
tion is obviously not generally available under commercial conditions. 
In this experimental system, the reactant solution was cooled to as low 
a temperature as possible in order to increase the measurable effects 
kf cycling. A lower inlet reactant temperature results in a grea.ter 
increase in the periodic yield, if all other conditions are kept con- 
stant, since the family of pseudo-steady-state curves originate from a 
point on the steady-state curve corresponding to the inlet reactant 
temperature. The cost of this amount of cooling would most probably 
more than offset any benefits obtained through cycling. The matter of 
heat transfer from the heating element is another factor to be con- 
sidered. Under laboratory conditions an electrical strip heater is quite 
feasible and the heat transfer rate is quite good. In a larger system, 
the heating element would probably be a steam coil or jacket; and the 
heat flux between this element and the reaction mass would not be con- 
stant. This would cause the upper limit of the control variable (y ) 
u 
to be a variable (function of temperature) rather than a constant. and 
thus introduce new problems into the system. 
In conclusion, it can be stated that the results of this work 
provide experimental proof that product yields in certain reaction sys- 
t e m s ,  can  be improved by t h e  p e r i o d i c  ( o r  c y c l i c )  o p e r a t i o n  of a  CSTR. 
Research  shou ld  be  c o n t i n u e d  i n  t h i s  a r e a  i n  a n  e f f o r t  t o  e x t e n d  t h e  
a p p l i c a b i l i t y  of  t h i s  mode o f  r e a c t o r  o p e r a t i o n  t o  o t h e r ,  p o t e n t i a l l y  
p r a c t i c a l  sys tems.  
CHAPTER X I  
CONCLUSIONS AND RECOMMENDATIONS 
C o n c l u s i o n s  
From t h e  e x p e r i m e n t s  per formed d u r i n g  t h e  c o u r s e  o f  t h i s  i n v e s t i -  
g a t i o n ,  t h e  f o l l o w i n g  c o n c l u s i o n s  r e s u l t :  
1. I n  c e r t a i n  c o m p e t i t i v e  r e a c t i o n  s y s t e m s ,  t h e  y i e l d  o f  t h e  
p r o d u c t  from t h e  r e a c t i o n  w i t h  t h e  h i g h e r  a c t i v a t i o n  e n e r g y  c a n  b e  
i n c r e a s e d  ( r e l a t i v e  t o  i t s  c o n v e n t i o n a l  s t e a d y - s t a t e  v a l u e )  by t h e  
p e r i o d i c  ( o r  c y c l i c )  v a r i a t i o n  o f  t h e  h e a t  f l u x  t o  o r  f rom a CSTR. 
2.  For  t h e  same t y p e  o f  r e a c t i o n  s y s t e m s ,  t h e  y i e l d  o f  p r o d u c t  
from t h e  r e a c t i o n  w i t h  t h e  lower  a c t i v a t i o n  e n e r g y  w i l l  b e  d e c r e a s e d  
a s  a  r e s u l t  o f  c y c l i n g .  
3 .  The f a m i l y  o f  p s e u d o - s t e a d y - s t a t e  c u r v e s  g e n e r a t e d  by p e r i -  
o d i c  v a r i a t i o n  o f  a  h e a t  f l u x  t o  t h e  r e a c t o r  emanate  f rom t h e  p o i n t  on 
t h e  s t e a d y - s t a t e  c u r v e  c o r r e s p o n d i n g  t o  t h e  r e a c t a n t  f e e d  t e m p e r a t u r e .  
4 .  The e x p e r i m e n t a l  r e s u l t s  f o r  t h i s  r e a c t i o n  s y s t e m  ( t h e  a l -  
k a l i n e  h y d r o l y s e s  o f  m e t h y l  a c e t a t e  and  e t h y l  b e n z o a t e )  show improve- 
ment i n  t h e  y i e l d  o f  e t h a n o l  (a  p r o d u c t  o f  t h e  r e a c t i o n  w i t h  t h e  h i g h e r  
a c t i v a t i o n  e n e r g y ) .  
Recommendations 
Many i n t e r e s t i n g  problems a r o s e  d u r i n g  t h e  pe r fo rmance  o f  t h i s  
e x p e r i m e n t a l  work. Some o f  them p e r t a i n  t o  t h e  r e a c t i o n  sys t em and 
equipment ;  o t h e r s  concern p o s s i b l e  i n v e s t i g a t i o n s  which could  be c a r r i e d  
o u t  t o  p rov ide  f u r t h e r  d a t a  and o p e r a t i n g  e x p e r i e n c e  i n  t h i s  f i e l d .  
The f o l l o w i n g  recommendations i n v o l v e  a c t u a l  changes t o  t h e  r e -  
a c t o r  c o n f i g u r a t i o n :  
1. The cons tan t -head  f e e d  c o n t r o l l e r s  should  b e  e l i m i n a t e d  and 
r e p l a c e d  by t h r e e  feed  pumps o r  one f l e x i b l e  t u b i n g  pump which could  
more e a s i l y  p rov ide  a c o n s t a n t  feed t o  t h e  r e a c t o r .  
2.  A d r a i n  l i n e  shou ld  be a t t a c h e d  t o  t h e  bottom edge o f  t h e  
r e a c t o r  t o  d r a i n  i t s  c o n t e n t s  a f t e r  each run .  
3 .  The r e a c t o r  i n s u l a t i o n  cou ld  be improved. 
4. The r e a c t a n t  f e e d  l i n e s  between t h e  r e a c t a n t  c o o l e r  and t h e  
c e a c t o r  should  a l s o  have b e t t e r  i n s u l a t i o n  i n  o r d e r  t o  reduce t h e  
amount of h e a t  t r a n s f e r  from t h e  su r roundings .  
5 .  B e t t e r  i n s t r u m e n t a t i o n  f o r  t h e  measurement o f  t h e  r e a c t a n t  
f eed  t empera tu res  i s  needed. 
6.  A d i g i t a l  wat tmeter  wi th  a d j u s t a b l e  ranges  should be i n s t a l l e d  
t o  r e p l a c e  t h e  v o l t m e t e r  and ammeter used i n  t h i s  work. 
7.  An e l e c t r o n i c  o r  b a l l - a n d - d i s c  i n t e g r a t o r  shou ld  be  coupled 
wi th  t h e  gas  chromatograph t o  f a c i l i t a t e  any f u r t h e r  chromatographic  
a n a l y s i s .  
8.  I n v e s t i g a t i o n  of t h e  e f f e c t s  o f  c y c l e  t ime shou ld  be made 
u s i n g  t h e  same r e a c t i o n  system s t u d i e d  i n  t h i s  work. 
The fo l lowing  recommendations p e r t a i n  t o  f u t u r e  work i n  t h i s  
g e n e r a l  a r e a  of p e r i o d i c  r e a c t o r  o p e r a t i o n :  
1. S i n c e  t h e  s o l v e n t  caused s e v e r a l  a n a l y t i c a l  problems,  a  s y s -  
tern which could  b e  r u n  i n  o n l y  d i s t i l l e d  w a t e r  shou ld  be  sought .  The 
complete  a n a l y s i s  cou ld  t h e n  b e  performed on a g a s  chromatograph ( f o r  
a l l  s p e c i e s ) .  
2 .  The e f f e c t  o f  p e r i o d i c  r e a c t o r  o p e r a t i o n  on t h e  y i e l d s  of  t h e  
p r o d u c t s  of c o n s e c u t i v e  r e a c t i o n s  shou ld  be  i n v e s t i g a t e d .  The a l k a l i n e  
h y d r o l y s i s  of  d i e t h y l a d i p a t e  i n  d i s t i l l e d  w a t e r  would b e  a n  example o f  
such  a  system. 
3 .  E f f o r t s  shou ld  be  d i r e c t e d  towa.rd t h e  development of  a  gen- 
e r a l  t h e o r y  of p e r i o d i c  r e a c t o r  o p e r a t i o n  t o  (1) e n a b l e  b e t t e r  p r e d i c -  
t i o n  o f  p o s s i b l e  y i e l d  improvements (a p r i o r i )  o r  (2 )  t o  p o s s i b l y  re -  
l a t e  p e r i o d i c  r e a c t o r  o p e r a t i o n  t o  c o n v e n t i o n a l  modes. 
4 .  Other  c y c l i c  methods shou ld  be  i n v e s t i g a t e d .  Some a r e a s  of  
i n t e r e s t  might i n c l u d e  (1) t h e  c y c l i c  v a r i a t i o n  of l i g h t  energy t o  a  
photochemical  r e a c t i o n  sys tem,  (2) t h e  c y c l i c  i n p u t  of  s o n i c  energy 
t o  a r e a c t i o n  sys tem o r  (3 )  t h e  c y c l i c  f l u c u a t i o n  of f low r a t e  t o  a  
CSTR. 
5. I n v e s t i g a t i o n s  i n t o  t h e  a p p l i c a . b i l i t y  of  p e r i o d i c  r e a c t o r  
o p e r a t i o n  t o  b iochemica l  r e a c t i o n  sys tems where t h e  r e a c t i o n  t ime  i s  
long  could  b e  of  c o n s i d e r a b l e  i n t e r e s t .  For t h e s e  r e a c t i o n s ,  t h e  "on" 
c y c l e  cou ld  be scheduled t o  occur  o v e r n i g h t  o r  d u r i n g  p e r i o d s  of  t ime  
when g e n e r a l  power usage  i s  n o t  a t  a peak i n  o r d e r  t o  r educe  energy 
consumption d u r i n g  peak hours .  
APPENDICES 
APPENDIX A 
REACTION RATE CONSTANT DATA 
T a b l e  6 .  Me thy l  A c e t a t e  H y d r o l y s i s  
T e m p e r a t u r e  = 1 0 . 8  - + 0 . 2  OC 
Run Number R-8-a 
Sample No. T i m e ( s e c . )  2 CCA(gmole/&) k . l O ( & / g m o l e - s e c )  
Ave rage  = 5 .37  
* D i s c a r d e d  d u e  t o  poor  i n i t i a l  m i x i n g  
T a b l e  7 .  Methyl  A c e t a t e  H y d r o l y s i s  
T e m p e r a t u r e  = 1 9 . 6  + - 0 . 2  OC 
Run Number R-9-a 
- -  - 
Sample No. Time ( s e c .  ) 
2 
C (gmole/& ) k -  1 0  (&/gmole-sec)  
C  A 
Average  = 8.54 
T a b l e  8.  Methyl A c e t a t e  H y d r o l y s i s  
Temperature  = 24.5 - + 0 . 2  OC 
Run Number R-10-a 
Sample No. Time(sec . )  
2 
CCA(gmole/&) k.10 (d lgmole - sec )  
Average = 1 0 . 7  
T a b l e  9 .  E t h y l  Benzoate  H y d r o l y s i s  
Temperature = 24.5 2 0 .2  OC 
Run Number R-2-a 
Sample No. Time ( s e c .  ) CCA(gmole/&) k - l ~ ~ ( ~ l ~ r n o l e - s e c )  
Average = 26.9 
Table 10. Ethyl Benzoate Hydrolysis 
Temperature = 34.5 0.2 OC 
Run Number R-5-a 
Sample No. Time(sec.) 
4 
CCA(pole/&) k - 1 0  (&/gmole-sec) 
Average = 57.1 
Table 11. Ethyl Benzoate Hydrolysis 
Temperature = 44.5 - t 0.2 OC 
Run Number R-6-a 
Sample No. Time(sec.) 
4 
CCA(gmole/4) k. 10 (&/pole-sec) 
Average = 121 
APPENDIX B 
EXPERIMENTAL PROCEDURES 
R e a c t i o n  R a t e  Cons tan t  D e t e r m i n a t i o n  
Methyl  A c e t a t e  
1. P r e p a r a t i o n  of 0 . lN Methyl A c e t a t e  S o l u t i o n :  
a )  Weigh a  100-ml v o l u m e t r i c  f l a s k .  
b)  I n t o  t h i s  f l a s k  weigh 0.7408 gm (0 .01 mole) o f  methyl  
a c e t a t e .  
c )  Measure 70 m l  o f  a c e t o n e  i n t o  a  g r a d u a t e d  c y l i n d e r  and 
pour i n t o  t h e  f l a s k  w i t h  t h e  me thy l  a c e t a t e .  
d )  F i l l  t o  t h e  mark w i t h  d i s t i l l e d  w a t e r  and shake.  
e )  Allow t o  s i t  a t  room t e m p e r a t u r e  f o r  one hour .  
f )  F i l l  t o  t h e  mark a g a i n  w i t h  d i s t i l l e d  w a t e r  and p l a c e  
i n  a  c o n s t a n t  t e m p e r a t u r e  b a t h .  
2 .  P r e p a r a t i o n  of 0.1N Sodium Hydroxide S o l u t i o n :  
a )  P l a c e  70 m l  o f  a c e t o n e  i n t o  a  100-ml v o l u m e t r i c  f l a s k .  
b) P i p e t  10.0 m l  of  e x a c t l y  1 . O N  NaOH i n t o  t h i s  f l a s k .  
c )  Add d i s t i l l e d  w a t e r  t o  t h e  mark and shake.  
d) Allow t o  s i t  a t  room t e m p e r a t u r e  f o r  one h o u r .  
e )  R e f i l l  t o  t h e  mark w i t h  d i s t i l l e d  w a t e r .  
f )  P l a c e  i n  a c o n s t a n t  t e m p e r a t u r e  b a t h .  
3 .  H y d r o c h l o r i c  Acid Quenching S o l u t i o n :  
a )  P l a c e  5 m l  o f  0.05N H C 1  i n t o  each o f  f i v e  150-ml b e a k e r s .  
b )  Add 50 m l  o f  d i s t i l l e d  w a t e r  t o  each b e a k e r .  
c )  Add 5 d r o p s  of bromothymol b l u e  i n d i c a t o r  t o  each  
b e a k e r .  
4. Exper imen ta l  P rocedure :  
a )  P l a c e  a  c l e a n ,  50-ml, g l a s s - s t o p p e r e d  v o l u m e t r i c  f l a s k  
i n t o  a  c o n s t a n t  t e m p e r a t u r e  b a t h .  
b) P i p e t  25 ml of 0.1N methyl  a c e t a t e  s o l u t i o n  i n t o  t h e  
r e a c t i o n  f l a s k  (methyl  a c e t a t e  a l r e a d y  a t  r e a c t i o n  
t e m p e r a t u r e ) .  
c )  P i p e t  25 m l  o f  0.1N NaOH s o l u t i o n  i n t o  t h e  r e a c t i o n  
f l a . s k  w i t h  a  r a p i d  d e l i v e r y  p i p e t .  
d)  S t o p p e r  immedia te ly  and shake  v i g o r o u s l y  f o r  5 seconds .  
e )  Begin s topwatch a t  d e l i v e r y  o f  one -ha l f  o f  t h e  Na.OH. 
f )  Take 5-ml samples  a t  s u i t a b l e  i n t e r v a l s  and p i p e t  i n t o  
t h e  b e a k e r s  c o n t a i n i n g  t h e  a c i d  quenching s o l u t i o n .  
g) Record t h e  t ime o f  t h e  sa.mple a s  t h a t  t ime  a t  which 
one-ha. lf  of  t h e  5-ml sample has  been d e l i v e r e d  t o  t h e  
quench s o l u t i o n .  
h) Quench s o l u t i o n  s h o u l d  remain  y e l l o w  t o  ye l low-green  
b u t  n o t  t u r n  b l u e .  
i )  Back t i t r a t e  w i t h  s t a n d a r d ,  c a r b o n a t e - f r e e  0.1N NaOH 
p o t e n t i o m e t r i c a l l y  ( t y p i c a l  t i t r a t i o n  c u r v e  i s  shown 
i n  F i g u r e  26).  
j )  C a l c u l a t e  t h e  number o f  m i l l i e q u i v a l e n t s  o f  ca.rboxy1i.c 
a c i d  p r e s e n t  and from t h a t  c a l c u l a t e  t h e  r a n c e n t r a t i o n  
of sodium a c e t a t e .  

E thy1  Benzoa t e  
1. P r e p a r a t i o n  of 0.1N E t h y l  Benzoate S o l u t i o n :  
a )  Using a  3-ml s y r i n g e ,  draw approxirnate ly  1.5 m l  of  
e t h y l  benzoa te  i n t o  i t .  
b) Weigh t h e  s y r i n g e  and e s t e r .  
c )  I n j e c t  t h e  e s t e r  i n t o  a  s p a r e  beaker  and reweigh t h e  
s y r i n g e  . 
d) C a l c u l a t e  t h e  n e t  weight  of  e s t e r  and c o n v e r t  t o  gmole. 
e )  P r a c t i c e  t h i s  p rocedure  u n t i l  0.01 gmole of  e t h y l  
benzoa te  can b e  weighed o u t .  
2. P r e p a r a t i o n  of  0.  I N  Sodium Hydroxide S o l u t i o n :  
a )  P r e p a r e  same a s  i n  methyl a c e t a t e  exper iment .  
b)  P l a c e  NaOH s o l u t i o n  i n  a  c o n s t a n t  t empera tu re  b a t h .  
3. Exper imenta l  P rocedure :  
a )  When t h e  NaOH s o l u t i o n  h a s  come t o  t h e  t empera tu re  o f  
t h e  b a t h ,  i n j e c t  0.01 gmole e t h y l  benzoa te  w i t h  a  
s y r i n g e  i n t o  t h e  f l a s k  c o n t a i n i n g  t h e  NaOH. 
b) S t a r t  t h e  s topwatch a t  one-ha l f  of  t h e  d e l i v e r y .  
c )  S topper  and shake v i g o r o u s l y  f o r  5 seconds .  
d )  Take samples a t  s u i t a b l e  i n t e r v a l s .  
e )  P l a c e  samples i n t o  t h e  b e a k e r s  c o n t a i n i n g  quench s o l u -  
t i o n  a s  p r e v i o u s l y  d e s c r i b e d .  
f )  Analyze a s  p r e v i o u s l y  d e s c r i b e d .  
Experimenta 1 Run Procedure  
P r e p a r a t i o n  o f  Reac tan t  S o l u t i o n s  
1. Methyl A c e t a t e  (0.06N) 
a )  P l a c e  14,000 m l  o f  a c e t o n e  s o l v e n t  i n t o  t h e  5 - g a l l o n  
r e a c t a n t  c o n t a i n e r .  
b) Add 6,705 m l  of d i s t i l l e d  wa te r  t o  t h e  a c e t o n e  and 
a l l o w  t o  s i t  o v e r n i g h t .  
c )  Add 95 m l  o f  methyl a c e t a t e  ( F i s h e r  No. M-203) and 
a g i t a t e  u n t i l  thoroughly  mixed. 
2.  Sodium Hydroxide (0.06N) 
a )  P l a c e  14,000 m l  of  ace tone  s o l v e n t  i n t o  t h e  5 - g a l l o n  
r e a c t a n t  c o n t a i n e r .  
b)  Add 6 ,680 m l  d i s t i l l e d  wa te r  and a l l o w  t o  s i t  o v e r n i g h t .  
c )  Add 120 m l  o f  10.0 N NaOH ( F i s h e r  No. So-S-255) and 
a g i t a t e  u n t i l  th roughly  mixed. 
3 Ethy l  Benzoate (0.60N) 
a )  P l a c e  14,000 m l  of a c e t o n e  s o l v e n t  i n t o  t h e  5 - g a l l o n  
r e a c t a n t  c o n t a i n e r .  
b) Add 5,080 m l  o f  d i s t i l l e d  wa te r  and a l l o w  t o  s i t  over-  
n i g h t .  
c )  Add 1 , 7 2 0  m l  of  e t h y l  benzoate  ( F i s h e r  No. 112) and 
a g i t a t e  u n t i l  mixed thoroughly .  
S t e a d y - S t a t e  Run Procedure  
1. Mix r e a c t a n t  s o l u t i o n s  a s  i n d i c a t e d  above. 
2 .  Connect e l e c t r i c a l  jumper c a b l e  a c r o s s  c y c l e  t i m e r  r e l a y  t o  
g i v e  a  s t e a d y  c u r r e n t  t o  t h e  h e a t i n g  e lement .  
3. Establish the flow of coolant through the reactant stream 
cooler to achieve coolant bath temperature of -16'~ (4-3'~). 
4. Establish reactant stream flows at approximately 33 ml/min 
each. Allow the reactor to fill to half full before starting 
the mixing impeller. 
5. Turn on constant voltage transformer. 
6. Set millivolt recorder span to 5 mv and plug in leads from 
reactor thermocouple. Offset zero on scale so that full 
scale goes from -1.0 mv to 4.0 mv. 
7. Turn on flexible tubing pump. 
8. Establish a constant reactor temperature (as indicated by the 
reactor thermocouple output) and continue to run for four 
residence times at this temperature. This is to insure re- 
action steady-state as well as thermal steady-state conditions. 
9. Withdraw a sample into the flask containing sufficient HC1 
to quench the reactions and remain in slight excess. Stir 
flask while sampling. 
10. Change the Variac setting to increase the temperature in the 
reactor and repeat steps 8-9 until all samples at the various 
temperatures have been taken. 
Pseudo-Steady-State Run Procedure 
1. Mix reactant solutions as indicated above. 
2. Turn on constant voltage transformer. 
3. Establish the flow of coolant through the reactant stream 
cooler to achieve coolant bath temperature of -16Oc (3.3'~). 
4. Adjus t  m i l l i v o l t  r e c o r d e r  a s  i n d i c a t e d  i n  s t e p  6 above.  
5 .  Turn  on f l e x i b l e  t u b i n g  pump. 
6. S e t  c y c l e  t i m e r  arms t o  t h e  a p p r o p r i a t e  number o f  m i n u t e s  
"off"  and "on". 
7 .  E s t a b l i s h  r e a c t a n t  s t r e a m  f lows a t  approx imate ly  33 ml/min 
each.  Allow t h e  r e a c t o r  t o  f i l l  t o  h a l f  f u l l  b e f o r e  s t a r t i n g  
t h e  mixing i m p e l l e r .  
8. Allow sys tem 3-4 c y c l e s  t o  approach t h e  t h e r m a l  pseudo- 
s t e a d y - s t a t e  and t h e n  w a i t  f o r  t h r e e  more c y c l e s .  Take com- 
p o s i t e  samples  d u r i n g  c y c l e s  4 and 6 ,  mixing thorough ly  w h i l e  
sampling.  Again ,  a n  a p p r o p r i a t e  amount o f  H C 1  i s  p r e s e n t  t o  
quench t h e  r e a c t i o n s  d u r i n g  sampl ing and l e a v e  e x c e s s  a c i d  
t o  be  b a c k - t i t r a t e d .  
9 .  Change t h e  V a r i a c  s e t t i n g  t o  a l t e r  t h e  power i n p u t  (upper  
l i m i t )  t o  t h e  r e a c t o r  and r e p e a t  s t e p  8. 
APPENDIX C 
ROTAMETER CALIBRAT ION CURVE 

APPENDIX D . 
PSEUDO-STEADY-STATE COMPUTER SIMULATION 
DIMENSION Y ( 2 0 )  
EQUIVALENCE ( X ~ , Y ( ~ ) ) * ( X @ V Y ( ~ ) ) I ( X ~ ~ ~ ( ~ ) )  
C ~ ~ ~ ~ ~ / ~ ~ K ~ / ~ ~ ~ A ~ ~ R ~ O ~ R ~ * R ~ , T , T A ~ ~ E X ~ I ~ E X P ~ ~ C ~ ~ C ~ * C ~ ~ ~ ~ ~ ~ ~  
READ l o o I  R H O ~ Q I V ~ C A O * A K I O , A K ~ O I R ~ E ~ ~ R I ~ R ~  
READ 1 0 0 ~ ~ 1 0 * ~ 4 0 r X 3 0 * C l * C 2  
READ IoO,DTVPDT 
READ l o O * N * Y L  
DO 223 I = l t N  
READ 100, Y u * T ~ ~ T ~ P C P * D E N * S A M N O  
1 0 0  FORMAT( 
x 1  = X I 0  
X4 = X40 
X3 = X30 
A 1  = AKIO*CAO*V/Q 
A2 = A K ~ ~ * C A O * V / Q  
1 0 9  CONTlNUE 
TAU = T 1  + T 2  
P R I N T  555,SAMNO 
555 F o R Y A T ( ~ H ~ ~ ~ ~ x , ~ ~ H s A M P L E  NUMBER * 1 3 t / )  
PRINT 556 
556 F o R ~ ~ A T ( ~ @ X , ~ ~ H C Y ~ C O ~ C H ~  + NAO  --K1-- CH~COONA + CH30H r / r  
1 ~ ~ X , ~ ~ H C ~ H ~ C O O C ~ H ~  + NAOH -'K2-- C ~ H ~ C O O N A  + C2H50H v / / / ?  
2 ~ ~ X , ~ ~ H R E A C T O R  OPFRATING C O N D ~ T I O ~ I S , / / ~ ~ O X , ~ H * * * * ,  
3 47H*********************************************** 9 1 1 )  
PRINT ~ ~ ~ ~ A K ~ o , A K ~ ~ , R H o I C A O ~ V ~ Q ~ D E N , C P ~ Y U ~ Y L ~ T ~ P  
1 ~ 2 r T A u * R l * R 2  
557 OFORMAT(~OXIE~HK~O (LITERS/MOLE-MIN) = ,E15.8,/r 
1 i o X , 2 4 ~ ~ 2 0  (LITERS/MOLE-MINI = ~ ~ 1 5 . 8  PI, 
2 2 0 x , 1 0 H ~ H O  = E 2 / E 1  = ,F10 .5# / *  
3 1 4 ~ 1 2 0 t l ~ A O  (YoLES/LITER) r F l 0 * 3 r / *  
4 BX,Z~HREACTOR VOLUPE ( L I T E R S )  = ,F10.3,/r 
5 9 X a 2 5 H F ~ O W  R I T E  (LTTERS/MIY) = * F l n * 3 r / r  
7 3 x t 3 1 H H ~ A T  CAPACITY (C4L/GY*DEG K )  = r F l 0 . 3 ~ / ,  
8 3X,31HCoNTROL VARIABLE UPPER LIMIT = ,F10.6r/ ,  
I 3X,JlHCoNTROL VARIABLE LOWER LIMIT = ,F10.6r / ,  
2 29XpSHTl  = * F 1 0 . 3 * / *  
3 2 9 ~ ~ 5 H T 2  = * F 1 0 . 3 * / *  
4 19x, i5HpERIOO (TAU) = ~ F 1 0 * 3 r / ,  
5 24x,10HcBO/CAO = , F l O . 3 * / *  
6 ~~xvIoHcEO/CAO = , F l O a 3 , /  1 
N P l  = I F I X ( T l / D T  + 0.1 
NP2 = XFIX(T~/DT + 0.1 
NPDT = I F I X (  PDT + 0.1) 
110 CONTINUE 
SUM = 0.0 
TIME = 0.0 
T = YU 
X l I t d  = XI 
X 2 I y  = 1.0 - X l  - X4 
X 3 1 ~  = X3 
X ~ I N  = XI( 
Elp3 = NP1 + NP2 
DO 10 N = 1vNP3 
IF (N ,GT .NP~)  T  = YL 
CALL R K S U B ~ ~ ~ Y ~ T I M E ~ D T )  
I F O ( Y . G T . ~ ~ O E ~ )  STOP 
X2 = 1.0 - X 1  - X 4  
SUM = SUM + X4*DT/TAU 
10 CONTINUE 
 ERR^ = A B S ( ( X ~ I N  - x l ) / x l )  
ERR2 = ABS( ( X 4 I N  - ~ 4 ) / ~ 4 )  
ERRJ = AaS( (X3 IN  - ~ 3 ) / ~ 3 )  
ERRYAX AMAXI(ERRL,ERR~@EHR~) 
ALIM = 1,OE-6 
IF(ERRMAx.LT.ALIM) GO TO 3 0  
X i  = X~IN + ( X l  - x l I N ) / 2 * 0  
x 3  = XJIN + ( X 3  - x ~ I N ) / ~ * O  
X4 = ~ 4 1 ~  + (XI( - X 4 I N ) / 2 * 0  
GO TO 110 
3 0  COLTINUE 
KOUNT = 0 
TIME = 0.0 
T  = YU 
PRINT 198 
1 9 8  FORMAT( 2 ~ ~ ~ ~ ~ 1 ~ ~ t 8 ~ ~ 2 ~ ~ l t 1 0 ~ * 2 ~ ~ 2 r 1 0 ~ t 2 ~ ~ ~ ~ 1 0 ~ ~ 2 ~ ~ 4 * ~ ~ * 1 ~ ~ ~ ~ ~  
PRINT ~ ~ o v T I M E ~ x ~ * X ~ * X ~ * X ~ ~ T  
DO 40 N = l.NP3 
IF(N.GT,NP~)  T = YL 
CALL R K S U B ( ~ ~ Y ~ T I M E I D T )  
x2 = 1.0 - X I  - X4 
TIME = DT*FLOAT(N) 
KOUNT = KOUNT + 1 
IF(uOuNT,LT.NPDT) G o  TO 40 
PRINT ~ ~ o v T I M E , x ~ * x ~ ~ X ~ V X ~ ~ T  
UOUNT = o 
160  F O R M A T ( ~ X * F ~ * ~ V ~ ( ~ X * F ~ O * ~ )  t 2 X r F 9 * 6  
40  COb4TINUE 
YEAR = (TL*YU + T2*yL)/TAU 
PHI  = TP/TAU 
PRINT 177rSUM 
PRINT 178 r  YBARtPHI 
1 7 7  F O R Y A T ( / / ~ ~ X ~ * T H E  VALUE OF THE OBJECTIVE FUNCTION', 
1 * v IS 'rF9.5 * / / I  
1 7 8  F O R M A T ( ~ ; ~ ~ H Y B A R  = ; F 1 0 . 6 r 5 x v 6 ~ P H I  = rFlO.6 ) 




x 1  Y ( 1 )  
X4. = Y ( 2 1  
x 3  = Y ( 3 )  
E X P l  = E x P ( - l , O / X 3 )  
E x P 2  = ExP(-RHO/XS) 
D X ~ D T  = 1.0 - XI - A~*X I * (R I  - 1.0 + XI + x ~ ) * E x P ~  - A2*X l *EXP2*  
1 (R2 - 
D x ~ D T  L f4:4 + A 2 * ~ 1 * ( R 2  - x ~ I * E X P ~  
DX3DT - (  1.0 + C 1  ) * X 3  + C l * C 2  + T 
D Y D x ( 1 )  = D X l D T  
D Y D x ( 2 )  = DX2DT 




DIMENSION Y ( 2 0 ) r D Y 1 ( 2 0 ) ~  D ~ 2 ( 2 0 ) @ D Y 3 ( 2 0 ) r D Y 4 ( 2 0 )  
DIMENSION U ( 2 0 ) r  D ~ ~ x ( 2 0 )  
CALL OERIV(X tYeDYDX)  
2 0  ~ ( 1 )  = Y ( I )  + O Y 1 ( 1 ) / 2 r O  
Z = X + ~ X / 2 . 0  
CALL DERIV(Z*U,DYDX) 
00 40 1 = 1 * N  
0 y 2 ( 1 )  = DYDX( I ) *DX 
90 U ( I )  = Y ( I )  + D Y 2 ( 1 ) / 2 . 0  
CALL DERIV(Z~UPDYDX) 
00 60 1 = 1 * N  
D y 3 ( 1 )  = D Y D X ( I ) * D X  
6 0  U(I) = Y ( I )  + D Y 3 ( I )  
Z = X + D X  
CALL DERIV(Z,U~DYDX) 
DO 80 I = l , N  
o y u ( 1 )  = DYDX( I ) *DX 
80 ~ ( 1 )  = y ( 1 )  + ( D Y l ( I )  + ~ . o * D Y ~ ( I )  + 2 .~*DY3(1 )  
1 + ~ y 4 ( 1 ) ) / 6 . 0  
RETURN 
END 
SAMPLE NUMBER 124  
C H ~ C O O C H ~  + NAOH --Kt-- CH~COONA + CH30H 
CbH5COOC2H5 + NAOH - 4 2 9 -  C6HSCOONA + C 2 H 5 0 ~  
KIO (LITERsIMOLE-MINI = 
K20 (LITERSlMOLE-MINI = 
RHO = E 2 / E l  = 
CAO (MoLESILITER) = 
RE4CToR VOLUME (L ITERS)  = 
FLOW RATE (LITERSIMIN) = 
SOLUTION DENSITY (GMS/CC) z 
HEAT CAPACITY (CALIGM*DEG K )  = 
CONTROL VARIABLE UPPER L I M I T  = 
CONTROL VARIABLE LOWER L I M I T  = 
T 1  = 
T2 = 




THE VALUE OF THE O~JECTIVE FUNCTION M IS -34696 
YBAR = 
STEADY-STATE COMPUTER SIMULATION 
READ ~ ~ O , V P Q * A K ~ ~ ~ A U ~ O ~ C A O , R H O V R ~ @ R ~  
READ 100, X l * X 4 * X 3 * C l * C 2  
READ lOO,Y*DY*UPLIM 
PRINT 890 
1 0 0  FORMAT( 
890 FORMAT( 15Xv'STEADY STATE COMPOSIT IONS*~ / / )  
PRINT 8 9 1  
8 9 1  F O R M A T ( ~ X P * Y ' ~ ~ X , * X ~ * * ~ X I ~ X ~ * ~ ~ X @ ' X ~ * * ~ X ~ * X ~ * )  
d l  = AKLO*CAU+V/O 
A2 = AK~o*CAO*V/Q 
2 0 1  CONTINUE 
200 CONTINUE 
IF(Y,GT.uPLIM) GO TO 5 0 1  
X ~ S Q  = X3**2 
EXPi = ExP(-l.O/X3) 
ExP2 = ExP(-RHO/X3) 
F  = 1.0 - X 1  - A l * ( ~ l * X l  - X 1  + X l * * 2  + x ~ * X Y ) * E X P ~  
1 - A 2 * ~ 1 * ( R 2  - Xb)*EXP2 
G  = - X 4  + A2*Xl*(R2-X4)*EXP2 
H  = Y  - ( 1.0 + C1 ) * % 3  + Cl*C2 
F x 1  = -1.0 - A l * ( R I  - 1.0 + 2.0*X1 + X4)*EXPl - A~*(R~-XVI*EXP~ 
Fx4  = - A l * X l * E X P l  + A L * X I * E X P ~  
F x 3  = - A l * ( R l * X l  - ~1 + X1**2 + X I *X@)*EXPI /X~SQ 
1 - A ~ * X I * R H O * ( R ~ - X ~ ) * L X P ~ / X ~ S Q  
6 x 1  = A 2 *  (R2-XU *EXp2 
6x4  = -1.0 - A ~ * x ~ * E X P ~  
Gx3 = A ~ * x ~ * R H o * ( R ~ - X Q ) * E X P Z / X ~ S Q  
HX1 = 0.0 
HXU = 0.0 
HX3 = - ( 1.0 + C 1  ) 
FF = F * ( G X Y * H X ~  - H X ~ * G X ~ )  - F X ~ * ( G * H X ~  - H*GX3) 
1 + F X ~ * ( G * H X U  - H * ~ x ' + )  
GG = Fx l * (G*HX3 - H+GX3) - F * ( G x ~ * H x ~  - HXl*GX3) 
1 + Fx3*(GXl*H - HXl*G) 
HH = F x ~ * ( G X ~ * H  - Hxb*G) - F X ~ * ( G X ~ * H  - H X ~ * G )  
1 + F*(GXl*HX4 - HXI*GX4) 
AJACOB = FXl*(GX4*Hx3 - HX4*Gx3) - F X ~ * ( G X ~ * H X ~  - H x I * G x ~ )  
1 + FX3*(GXl*Hxq - HXl*Gx4)  
X1N = XI - FFIAJACOR 
X4N = XQ - GGIAJACOR 
X3N = X3 - HHIAJACOR 
ERR1 = ABS( (X IN  - X J ) / X ~ )  
ERR2 = A B S ( ( X ~ N  - XQ)/X4) 
ERR3 = AsS((X3N - X3) /X3)  
ALIy = 1,OE-5 
ERRMAx = AMAXI(ERR~,ERR~*ERR~) 
IF(cRRMAx .LE.ALIM) GO TO 500 
X 1  = X1N 
XU = XlrN 
X3 = X3N 
GO TO 200 
800 F O R ~ ~ A T ( ~ X * F ~ . I , ~ ~ F ~ O . ~ )  
500 CONTINUE 
x 2  = 1.0 - X 1  - x4 
PRJNT 800r Y ~ X ~ * X ~ V X ~ * X ~  
Y = Y + D Y  
GO TO 2 0 1  




CALIBRATION OF GAS CHROMATOGRAPH 
In order to determine the concentrations of the reaction products 
accurately, a Perkin Elmer Model 820 gas chromatograph was utilized. 
This model is equipped with a flame ionization detector which is capable 
of responding to virtually all organic compounds. Undetectable materials 
include water, carbon disulfide, hydrogen sulfide and most of the per- 
manent gases. The lack of response to water makes this detector par- 
ticularly suitable for analyzing aqueous systems. In addition, this 
detector is capable of measuring component mass flow rates as small as 
10-l2 grams/sec. This makes it extremely useful in the quantitative 
determination of very small concentrations of organic materials. The 
dynamic linear range of this detector is lo6, making it possible to use 
a single calibration curve over six orders of magnitude of concentration. 
The columns selected for use in this work were two one-eighth 
inch O.D. aluminum columns, each six feet long and packed with 100-120 
mesh Porapak Q, which is ' I . . .  a porous polymer composed of ethylvinyl- 
benzene cross-linked with divinylbenzene to form a uniform structure of 
,,I a distinct pore size. Since there is no liquid phase, this packing is 
particularly suitable for use with a very sensitive flame ionization 
detector and results in a baseline which does not drift due to "bleedingtt 
'H. M. McNair and E. J.  Bonelli, Basic Gas Chromatography, p. 59. 
of any liquid phase. In addition, this packing does not deteriorate 
over a period of time when used at elevated temperatures (up to 250'~). 
The primary advantage of Porapak Q, as applied to the reaction 
system studied in this research, was the fact that the two alcohols 
formed as reaction products were eluted before the acetone solvent, 
enabling precise analysis without solvent interference. 
The gases used in the chromatographic analyses were all prepuri- 
fied in order to insure minimum baseline interference. "Zero-gas" air 
(Matheson Gas Products) and prepurified hydrogen (Matheson Gas Products) 
were supplied for the flame, while prepurified nitrogen (Matheson Gas 
Products) was used as the carrier gas. Rotameters were installed in 
the nitrogen and air lines and were calibrated using a soap bubble meter. 
The optimum hydrogen flow rate was determined experimentally and then 
measured with a soap bubble meter; however, there was no rotameter in 
the hydrogen line. 
In order to quantitatively analyze for the ethanol, it was neces- 
sary to construct a calibration curve. Accordingly, standard solutions 
of ethanol in water were prepared in concentrations of 66,132,330,660, 
792, and 990 g/ml. The ethanol used for this calibration was 99.5% 
pure. Known quantities of these solutions were injected into the chroma- 
tograph using a Hamilton five-microliter syringe. The areas of the 
curves generated by these injections were measured by two different 
techniques for maximum precision. The first method was based on the 
assumption that the peaks were reasonably symmetric. The area was cal- 
culated by measuring the peak height and the width of the peak at one- 
ha11 of the peak height and then multiplying these two measurements. 
This area was plotted against mass injected and the results are shown 
in Figure 28. A least-squares fit of these data yielded Equation (E-I). 
m = 0.0142 + 0.934953(a) 
where m = injected mass (nanograms) 
a = peak area (m) 2 
The second method used to determine the areas was planimetry. 
Each of the curves previously analyzed by the first method was planeu 
three times and the average area was plotted versus the mass injected. 
These results are given in Figure 29. A least-squares fit of these 
data yielded Equation (E-2)- 
m = 0.0382668 + 4540.5(a) 
where m = mass injected (nanograms) 
a = planed area (planimeter units) 
The difference between these two measurement techniques becomes 
more pronounced at higher concentrations. Increased tailing which 
occurs with injections of high concentrations causes area loss in the 
triangle method. This lost area in the peak "tail" can be accounted for 
by planimetry. At the lower concentrations, the planed area is in the 
neighborhood of ,015 - .025 planimeter units. Obviously, an error of 
only .001 unit can mean an error of 4% -7% in the calculated concen- 
Mass Ethanol  I n j e c t e d  ( nanograms ) 
1 I I I I I I I I 
Figure  28. Gas Chromatograph C a l i b r a t i o n  Curve f o r  Ethanol  ( Tr iang le  
Method ) 
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Figure  29. Gas Chromatograph C a l i b r a t i o n  Curve f o r  Ethanol ( Planimetry ) 
tration. At the higher concentrations, however, the normal area is 
.I00 -.I50 units and an error of .001 units would result in an error 
of less than 1% in the calculated concentration. Consequently, in all 
subsequent measurements, the planed area was used for larger, tailing 
peaks, while the triangle method was used for smaller, more symmetrical 
peaks. At the end of the experimental runs a third calibration curve 
was constructed. Again a least-squares fit through these data yielded 
Equation (E-3). 
where m = mass injected (nanograms) 
a = peak area (mm) 2 
The results are in satisfactory agreement with the previous calibration 
curves. 
In order to compare the results for a given run, the chromato- 
grams for Run 13 were analyzed using all three curves and the results 
are given in Table 12. 
It is felt that the overall error in the chromatographic analysis 
was - 4- 3% using this combination of curves. 
Table 12. Comparison of Area Measurements for Run 13 
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APPENDIX G 
DERIVATION OF EQUATION FOR CONTROL VARIABLE 
Equation (4.55) must be separa ted  i n t o  two d i f f e r e n t i a l  equ- 
a t i o n s  a s  shown below: 
Defining the  fol lowing cons tan ts  
t h e  s o l u t i o n s  t o  Equations (G.l) and (G.2) a r e  
where C '  and C '  a r e  cons t an t s  r e s u l t i n g  f r a n  i n t e g r a t i o n  and r e a r -  3 4 
rangemen t . 
The boundary conditions for Equations (G.l) and (G.2) (assuming 
pseudo-steady-state) are : 
Using these boundary conditions to solve for C' and C' the 3 4 '  
final solutions for x are : 3 
The time-averaged value of x was obtained from Equations (G.lO) 
3 
and (G.ll) as shown below : 
(G. 13) 
Inserting Equations ( G . l O )  and ( G . l l )  into Equation ( G . 1 3 )  and per- 
forming the necessary integration, Equation ((2.13) becomes : 
Inserting the definitions of constants a 1 s a 2  and a into Equation 3 
(G. 1 4 )  w e  obtain: 
Rearranging and recalling that t = T - t we obtain : 
2 1 
By Equation ( 4 . 3 4 )  the first term on the right-hand side of this eq- 
uation is defined to be 7. Therefore : 
which is given in Chapter X as Equation ( 1 0 . 2 ) .  
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